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| TERMINOLOGY FOR STRATIFICATION AND CROSS-STRATIFICATION 
IN SEDIMENTARY ROCKS 


By Epwin D. McKEE AND Gorpon W. WEIR 


ABSTRACT 


) A terminology is suggested to aid the field geologist in describing the structures of stratified and cross- 
_ stratified rock units. Qualitative terms describing the character of rock layering are stratification, siratum, 


 cross-slratification, cross-stratum, set, coset, and composite set. Quantitative terms applying to the thickness 


of stratification are very thick-bedded, thick-bedded, thin-bedded, very thin-bedded, laminated, and thinly lami- 
naled. Quantitative terms applying to the thickness of units into which the rock splits are massive, blocky, 


sabby, flaggy, shaly, platy, and papery. 


|  Aclassification of cross-stratification is suggested, based primarily on whether the lower bounding surface 
V.C. , of a set of cross-strata is one of erosion or nondeposition and, if erosional, whether it is plane or curved. 
Features of secondary importance in this classification are the shape of set of cross-strata, the attitude of 


the axis, the symmetry of the cross-strata with respect to the axis, the arching of the cross-strata, the dip 


we B | of the cross-strata, and the length of individual cross-strata. , 
iam A, CONTENTS 
TEXT . ILLUSTRATIONS 
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Summary and conclusions.................. 388 3. General classification of stratified units.... 384 
388 4. Classification of cross-stratified units...... 386 
INTRODUCTION posed would unduly lengthen this paper. Even 
a casual reading of current descriptive and 


The most common and characteristic struc- 
ture of sedimentary rocks is stratification or 
layering. This stratification differs widely in 
form and size. Many descriptive terms ap- 
plicable to it have been used in different senses 
by different authors, resulting in a vagueness, 
overlapping, and confusion of terms. 

A classification and a terminology of stratifi- 
cation are presented that will aid the field 
geologist in describing differences in primary 
structures easily and exactly. A review of the 
historical development of stratification ter- 
minology and of the terms and definitions pro- 
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reference literature, however, reveals many 
terms with'several definitions. 

Geologists should distinguish clearly among 
three basically different groups of terms: (1) 
qualitative terms such as stratification, cross- 
stratification, stratum, and cross-stratum, 
which are concerned with the attitude and rela- 
tion of rock layers without regard to scale; (2) 
quantitative terms such as thick-bedded, thin- 
bedded, and laminated, which are concerned 
with the thickness of stratification, or layering; 
and (3) quantitative terms such as massive, 
slabby, and flaggy, which are concerned with 
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the thickness of splitting within stratified units. 
Thickness of layering and thickness of splitting 
may differ greatly; terms applying to these two 
properties should not be used interchangeably. 

This report was prepared in collaboration 
by the University of Arizona and the U. S. 
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sense only. No implication is made concerning 
the thickness of the individual layers involved. 
The adjective stratified is applicable to any 
layered sedimentary rock. 

A stratum is a single layer of homogeneous or 
gradational lithology, deposited parallel to the 


TABLE 1.—RELATIONS AMONG QUALITATIVE* TERMS FOR STRATIFICATION 


y Horizontally stratified Cross-stratified 
Basic unit; single layer Stratum | Cross-stratum 
Group of strata (or cross-strata) conformable series Set (of strata) Sett (of cross-strata) 
Group composed of two or more sets Coset | Coset 
Group compounded from strata and cross-strata Composite set 


* No size connotation is included in these terms. 


t Minor sets of cross-strata within larger sets are present in some formations, owing to slight deposi- 
tional changes, as in degree or direction of dip. No term is here proposed for such variations. 


Geological Survey and concerns work done on 
behalf of the U. S. Atomic Energy Commission. 

The authors acknowledge the help given in 
field and office through discussion and through 
constructive criticism by L. C. Craig, R. P. 
Fischer, J. W. Harshbarger, C. N. Holmes, 
T. E. Mullens, C. A. Repenning, G. A. Williams, 
and others. It is hoped that the classification 
and terminology set forth in this paper will 
form a basis for similar discussions by other 
geologists. 
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General Statement 


The need for adequate terms for detailed 
description and comparison of stratification 
and cross-stratification types is apparent to 
any geologist who has attempted to analyze 
these structures. The terms proposed in this 
paper are based on structures represented in 
formations that have been examined in the 
field. 


Qualitative Terms 


The relations between the qualitative terms 
presented below are shown in Table 1 and 
Figure 1. 

Stratification is the general term for layering 
in rocks. It refers both to the process of stratify- 
ing and to the state of being stratified, but in 
this paper stratification is used in the latter 


original dip of the formation. It is separated 
from adjacent strata or cross-strata by sur- 
faces of erosion, nondeposition, or abrupt 
change in character. Stratum is not synonymous 


with the terms bed or lamination but includes | 


both. Bed and lamination carry definite thick- 
ness connotations. 

Cross-stratification is the arrangement of 
layers at one or more angles to the dip of the 
formation. A cross-stratified unit is one with 
layers deposited at an angle to the original dip 
of the formation. Many authors have used 
“cross-bedding” and “cross-lamination” as 
synonymous with cross-stratification, but it is 
here proposed to restrict the terms cross- 
bedding and cross-lamination to a quantitative 
meaning depending on the thickness of the in- 
dividual layers, or cross-strata (Table 2). 

A cross-stratum is a single layer of homo- 
geneous or gradational lithology deposited at 
an angle to the original dip of the formation 
and separated from adjacent layers by surfaces 
of erosion, nondeposition, or abrupt change in 
character (Fig. 1; Table 1). “Cross-bed” and 
“cross-lamina” have been used as synonyms of 
cross-stratum, but it is proposed in this paper 
that they be restricted to a quantitative mean- 
ing. A cross-bed is greater than 1 cm. in thick- 
ness, and a cross-lamina is 1 cm. or less 
(Table 2). 
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hick-|4eposition, or abrupt change in character 
less (Fig. 1). It is the smallest and most basic group 
unit. Some authors have used the term “cross- 
sable 'bed” in this sense, but, as here proposed, “‘cross- 
other bed” should apply to a single cross-stratum and 
non-/ Should be restricted to a quantitative meaning 


based on the thickness of the cross-stratum 
(Table 2). 

In some deposits, two or more minor sets 
(or subsets) of cross-strata occur within a 
larger, more prominent set. The minor sets 
may be due to slight variations in direction 
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or capacity of the transporting agent filling 
a single scour depression, or to oversteepening 
and cascading on the lee side of a sand dune. 
No formal name is here proposed for such minor 
sets, but their occurrence is recognized. 
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2 to 4 feet) thick, thin-bedded to strata 5 to 60 
cm. (about 2 inches to 2 feet) thick, very thin- 
bedded to strata 1 to 5 cm. (about ¥ inch to 
2 inches) thick, laminated to strata 2 mm. to 
1 cm. (about .08 to 44 inch) thick, and thinly 


TABLE 3.—GENERAL CLASSIFICATION OF STRATIFIED UNITS 


Character of lower surface of 


Apparent shape of | 


Internal (primary) structure of 


stratified unit stratified unit stratified unit 
Erosional Lenticular Structureless 
Wedge-shaped Irregular 
Nonerosional Tabular Contorted* 
Irregular | Ripple-laminatedt 
Horizontally stratified 
Cross-stratified 
* See Fairbridge (1946). 
t See McKee (1939). 


The term coset is proposed for a sedimentary 
unit made up of two or more sets, either of 
strata or of cross-strata, separated from other 
strata or cross-strata by original flat surfaces 
of erosion, nondeposition, or abrupt change in 
character (Fig. 1). 

The term composite set is proposed for large 
sedimentary units compounded from both 
stratified and cross-stratified units. Thus, a 
composite set is a sedimentary unit of similar 
or gradational lithology and consisting of hori- 
zontal strata together with cosets of cross- 
strata (Fig. 1; Table 1). 


Quantitative Terms 


Bedding and lamination, as defined in this 
paper, denote the thickness of strata. The 
terms bed and bedding may be applied to any 
stratum or stratification of thickness greater 
than 1 cm. (about 44 inch); lamina and lamina- 
tion may be applied to any stratum or stratifica- 
tion 1 cm. or less in thickness. Similarly, cross- 
bed and cross-bedding may be applied to any 
cross-stratum or cross-stratification of thickness 
greater than 1 cm.; cross-lamina and cross- 
lamination may be applied to any cross-stratum 
and cross-stratification 1 cm. or less in thickness 
(Table 2). 

As adjectives with specific limits it is sug- 
gested that very thick-bedded be applied to 
strata greater than 120 cm. (about 4 feet) 
thick, thick-bedded to strata 60 to 120 cm. (about 


laminated to strata 2 mm. thick or less—that 
is, paper-thin. 

Bedding and lamination should not be con- 
fused with terms pertaining to the property 


of splitting. Terms describing splitting proper- 
ties are not discussed in this paper, but in 
Table 2 the quantitative terms proposed for 
stratification are compared with those that may 
be used to describe the splitting properties. 


CLASSIFICATION OF STRATIFIED UNITS 


General Classification 


A proposed ‘classification of stratified units 
is presented in Table 3, which is essentially 
an outline for describing strata. Except for 


dimensional and directional measurements, all } 


important elements of stratification are indi- 
cated in this table. 

The classification is based on three major 
divisions. The lower surface of any stratified 
unit (stratum, set, or coset, depending upon 
the unit in question) is considered basic in the ) 
classification. This surface is either erosional 
or nonerosional, and it reflects the type of en- 
vironment immediately preceding deposition. 

The apparent shape of the stratification unit 
is of next importance in classification. It may 
be lenticular, wedge-shaped, tabular, or irregular. 
These terms are only qualitative, for there are 
gradations between one shape and another, 
but the terms adequately describe the chief 
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varieties. Irregular is used especially for such 
sedimentary masses as bioherms. 

Internal structures of the stratified unit con- 
stitute a third major division in the classifica- 
tion. They include (1) structureless units due 
either to depositing agents that do not sort 
sediment or to destruction of former structures 
by organisms, (2) irregular strata such as many 
reef types, (3) contorted beds due to slumping 
or preconsolidation deformation, (4) ripple 
lamination, (5) horizontal stratification, and 
(6) cross-stratification. Most of these internal, 
primary structures have been thoroughly 
described and evaluated (Fairbridge, 1946; 
McKee, 1939); a notable exception is cross- 
stratification. 

Although not included in Table 3, dimen- 
sional and directional measurements are part 
of a complete description of stratified units. 
Thickness and, in some places, lateral extent 
of a stratum may be measured. If the stratum 
is lenticular, it may be practicable to determine 
the trends of the lines of convergence and of the 
line of maximum thickness of the stratum. 
Similarly, it may be practicable to determine 
the preferred orientation, where present, of 
internal structures. Measurement of such trends 
may help define the direction of deposition. 


Classification of Cross-Stratification 


Detailed studies of cross-stratification are 
seriously handicapped by the lack of an ade- 
quate classification and terminology. Such a 
classification should (1) be inclusive, (2) make 
a clear distinction among types of cross- 
stratification, and (3) be easy to apply to field 
study. 

The descriptive terms most commonly ap- 
plied to cross-stratification units are “angular” 
and “tangential.” “Torrential” and “regular” 
have been used as synonyms of “angular.” 
“Angular,” “torrential,” and “regular” are 
applied to cross-strata that appear in section 
as nearly straight lines meeting the underlying 
surface at high angles. The term “tangential,” 
on the other hand, is applied to cross-strata 
that in section appear as smooth arcs meeting 
the underlying surface at low angles. “Angular” 
cross-stratification, as generally used, implies 
deposition by water; “tangential” cross-strati- 
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fication, as generally used, implies deposition 
by wind. The supposed relationship between 
genesis and “angular” or “torrential” type is 
not substantiated by experimental studies nor 
by observations of structures in modern de- 
posits. 

Attempts have been made to classify cross- 
stratification according to manner of deposi- 
tion. Such classifications are not all-inclusive, 
however, because few criteria for determining 
the mode of formation of cross-stratification 
are known. For example, cross-stratification of 
dunes and sand bars may be similar. Perhaps 
thorough study of cross-stratification in modern 
sediments and older rocks may develop a 
feasible genetic classification. At present, how- 
ever, the most workable classification is a purely 
descriptive one. 

The classification presented here is a modi- 
fication of one suggested by McKee (1948) 
and illustrated by Kiersch (1950). The nomen- 
clature is based on physical characteristics 
rather than on genesis (Table 4; Fig. 2). Pseudo- 
cross-stratification and variations in horizontal 
stratification are not included. 

The classification is founded on seven criteria, 
the first of which is basic: (1) the character of 
the lower bounding surface of the set of cross- 
strata, (2) the shape of the set of cross-strata, 
(3) the attitude of the axis of the set of cross- 
strata, (4) the symmetry of the cross-strata 
about this axis, (5) the arching of the cross- 
strata, (6) the dip of the cross-strata, and (7) 
the length of individual cross-strata. 

According to this classification there are 
three major types of cross-stratification, based 
on the character of the lower bounding surface 
of the set of cross-strata (Table 4; Fig. 2): 
(1) Any set of cross-strata whose lower bound- 
ing surface is not a surface of erosion but one 
of nondeposition or change in character is called 
a simple set of cross-strata and is formed by 
deposition alone. (2) Any set of cross-strata 
whose lower bounding surface is a planar sur- 
face of erosion is called a planar set of cross 
strata and results from beveling and subsequent 
deposition. (3) Any set of cross-strata whose 
lower bounding surface is a curved surface of 
erosion is called a trough set of cross-strata and 
results from channeling and subsequent deposi- 
tion. Thus, the basic criterion that determines 
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the type of cross-stratification is the character 
of the lower bounding surface of the set of 
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pearance results. Cross-strata are concave up- 
ward and conform to the shapes of the troughs. 


SIMPLE CROSS~STRATIFICATION 


The lower bounding surfaces of 
sets are nonerosional surfaces 


PLANAR CROSS-STRATIFICATION 


The lower bounding surfaces of 
sets are planar surfaces of erosion 


TROUGH CROSS-STRATIFICATION 


The lower bounding surfaces of 
sets are curved surfaces of erosion, 


Ficure 2.—Basic ELEMENTS OF CLASSIFICATION OF Cross-STRATIFICATION 


cross-strata—whether this surface is erosional 
or not and, if erosional, whether it is plane or 
curved. 

’ The term “festoon,” first applied by Knight 
(1929) to sandstones of the Casper formation 
in Wyoming, is a variety of trough cross- 
stratification. This variety consists essentially 
of elongate semiellipsoidal troughs that crosscut 
each other so that only parts of each unit are 
preserved, and, in section, a festoonlike ap- 


Various names other than those proposed in 
this paper have been used for types of cross- 
stratification. Some names such as “torrential” 
and “deltaic” cross-stratification are considered 
inappropriate because they imply genesis. 
Others, such as “compound,” have been dis- 
carded in this paper because the name, although 
used for the planar type (Lahee, 1941), could 
apply equally well to the other two basic types 
and is therefore a source of confusion. If used 
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at all, “compound” cross-stratification should 
apply to a combination of the basic types. 

Designation of the type of cross-stratifica- 
tion is dependent upon the character of the 
lower bounding surfaces of sets of cross-strata. 
In the determination of the three basic types, 
no restrictions are placed ». dimensions, num- 
ber of imbricating units, convexity or concavity 
of the filling cross-strata, or agency of forma- 
tion. 

A subordinate criterion considered in the 
proposed classification is the shape of each set 
of cross-strata (Table 4). A lenticular set is 
bounded by converging surfaces, at least one 
of which is curved. A wedge-shaped set is 
bounded by planar, converging surfaces, and 
a tabular set is bounded by planar, essentially 
parallel surfaces. Nearly all simple cross- 
stratification sets are lenticular or wedge- 
shaped, while most planar cross-stratification 
sets are either tabular or wedge-shaped. All 
trough cross-stratification sets are lenticular. 

A set of cross-strata that is either lenticular 
or wedge-shaped may be further classified on 
the basis of its axis—the trace of a line on the 
lower bounding surface that marks the thickest 
part of the set as originally deposited. The axis 
may be characterized as plunging or nonplung- 
ing. Also, the set of cross-strata may be char- 
acterized as symmetric if the cross-strata cor- 
respond in size and shape on opposite sides of 
the axial plane, or as asymmetric if this cor- 
respondence is lacking. 

Differentiation in some types of cross-strata 
may also be made by the presence or absence 
and, if present, by the direction of curvature 
of individual cross-strata. If the cross-strata 
arch upward, they are referred to as convex; 
if they arch downward, they are described as 
concave. If, as is rare, the cross-strata are not 
arched, they are termed straight. Concave cross- 
strata undoubtedly are most common and have 
long been used as a criterion for telling top from 
bottom in sedimentary rocks (Shrock, 1948, 
p. 251-253). 

Cross-strata can be differentiated on the 
basis of degree of inclination. Cross-strata 
having an average maximum inclination of 
20° or more may arbitrarily be considered high 
angle; cross-strata having an average maximum 
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inclination of less than 20° may arbitrarily be 
considered low angle. 

For designating the relative magnitude of 
cross-stratification the following terminology 
is recommended: 

(1) Small-scale cross-stratification = cross- 
strata less than 12 inches (approximately \% 
meter) in length. 

(2) Medium-scale cross-stratification = cross- 
strata 1 to 20 feet (approximately 44 to 6 
meters) in length. 

(3) Large-scale cross-stratification = cross- 
strata more than 20 feet (approximately 6 
meters) in length. 

This classification of cross-stratification 
facilitates description and provides a measure 
of standardization. The classification focuses 
attention on the most important features of 
cross-stratification and thus may promote 
better understanding of the structure. Stand- 
ardized descriptions may bring out relation- 
ships between types of cross-stratification and 
specific environments. 


SUMMARY AND CONCLUSIONS 


This paper is written to define and stand- 
ardize the qualitative and quantitative terms 
applicable to stratified and cross-stratified 
units. Qualitative terms are defined (Table 1). 
Quantitative terms applicable to the thickness 
of stratification are distinguished from those 
applicable to splitting properties, and the limits 
of these quantitative terms are suggested 
(Table 2). Terms for describing general features 
of stratified units are presented (Table 3) 
Finally, a classification of cross-stratification 
is presented (Table 4). 

The ultimate conclusions of this paper are 
not the writers’, but the reader’s. It is for the 
reader further to test this terminology and 
classification by application in the field and to 
determine its value in facilitating description. 
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GEOLOGY OF THE CHLORIDE QUADRANGLE, ARIZONA 
By BLakemore E. THOMAS 


ABSTRACT 


The Chloride quadrangle includes the southern two-thirds of the Cerbat Mountains, a range composed 
mostly of presumably Precambrian crystalline rocks. The oldest rocks are quartzite, mica schist, hornblende- 
diopside schist, and amphibolite. Younger and larger in amount are granite and granite gneiss. Gabbroic 
and dioritic gneiss, pegmatite, aplite, diabase, and mylonite also occur as part of the basement complex. 
The earliest rocks were strongly folded, but igneous intrusion and granitization have obliterated most of 
the folds. The rock types and the history of the basement complex compare closely with the Archean in the 
Grand Canyon. 

The area contains no Paleozoic rocks and probably no Mesozoic rocks. Intrusions of granite porphyry 
associated with mineralization are believed to be Tertiary. Dikes of granite porphyry, pegmatite, aplite, 
and lamprophyre are associated with these intrusions. 

Small areas of andesitic and rhyolitic extrusive rocks of Tertiary (?) age occur along the flanks of the 
range. Quaternary basalt caps these rocks in some places. 

Several periods of faulting and erosion are visible in the volcanic rocks. The latest faulting has produced 
the present mountains. The greatest displacement has been on the west side, and the Cerbat Range is an 
eastward-tilted fault block, modified in part into a horst. This mountain building seems to have occurred 
in late Tertiary and Quaternary time. Recent fault-block movement is suggested by the presence of canyon 
terraces and by the dissection of the pediment at the west base of the range. 
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INTRODUCTION 
Location and Physical Features 


The Chloride quadrangle is bounded by 
meridians 114° and 114° 15’ West, and parallels 
35° 15’ and 35° 30’ North and lies within the 
mountain region of Arizona (Fig. 1) as defined 
by Ransome (1903). The town of Kingman is 
approximately 5 miles due south of the quad- 
rangle, Hoover Dam 50 miles to the northwest. 

The Cerbat Mountains occupy a central 
strip, covering approximately two-thirds of the 
quadrangle. They start immediately north of 
Kingman and continue beyond the northern 
border of the quadrangle. The range trends 
north in the southern half of the quadrangle 
and northwest in the northern half. The topog- 
raphy is rugged, and some of the slopes are 
precipitous. 

The mountains are flanked on the east by the 
Hualpai Valley and on the west by the Sacra- 
mento Valley, both of which are alluvium- 
covered basins with gentle gradients sloping 
away from the mountains. The western side of 
the Cerbat Mountains presents a relatively uni- 
form face which rises abruptly from the flat 
skirt of the Sacramento Valley. Numerous 
canyons and washes, oriented more or less at 
right angles to the trend of the crest, break the 
continuity of the face, but a straight line of 
demarcation still exists between range and 
basin. On the east side no such line is visible. 
Instead, a fingering of wide flat washes and 
mountain spurs occurs, with an abundance of 
isolated ridges and buttes extending far out 
into the Hualpai Valley. 

A flat pediment, as much as 114 miles wide, is 
visible along the west base of the mountains. It 
s a comparatively even surface, cut without 
discrimination across all the rock types that 


compose the mountains, and it has the same 
general gradient as the surface of the Sacra- 
mento Valley. The pediment is veneered with 
alluvial material, but recent dissection reveals 
the continuity of the pediment surface. A 
similar pediment may exist along the eastern 
mountain base. A few small and scattered 
bedrock exposures, showing through the allu- 
vium, seem to indicate a pediment. The pres- 
ence of an extensive erosion surface cannot be 
proved, however. 


Nature and Scope of Work 


The field work was conducted in two phases. 
The first consisted of detailed mapping in the 
Chloride section of the Wallapai mining dis- 
trict in the summer of 1941. This included 
location and plotting of all veins. The advance 
edition of the U.S. Geological Survey’s topo- 
graphic map of the Chloride quadrangle was 
used as a base map. 

The second phase, conducted during the 
summers of 1947 and 1948, consisted of mapping 
the areal geology of the balance of the miner- 
alized belt and a section along the east side of 
the Cerbat Mountains. Much of the mapping 
was of reconnaissance nature. The U.S. Geo- 
logical Survey’s final topographic sheet of the 
quadrangle was used as a base map. 

The detailed map of the Chloride district 
and a study of the mineral deposits of the 
Wallapai mining district have been published 
(Thomas, 1949). The present paper deals with 
the general geology of the area. 


Work by Others 


The first comprehensive geologic reconnais- 
sance to include the Chloride quadrangle was 
made in 1903-1904 by W. T. Lee (1908). F. C. 
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INTRODUCTION 


Schrader (1909) made a thorough reconnais- 
sance of the mining districts in 1906-1907. His 
report still serves as a “bible” for the mining 
operators in the region. 

M. G. Dings (1951) made a thorough study 
of the Wallapai mining district in 1943. 
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Terminology 


Names for formations follow the usage 
proposed in a publication on the ore deposits of 
the Wallapai district (Thomas, 1949). 

The color nomenclature in all rock descrip- 
tions has been taken from the rock-color chart 
distributed by the National Research Council 
(Goddard et al., 1948). 


CERBAT COMPLEX 


Distribution and Relation to Other 
Formations 


A basement assemblage of metamorphic and 
igneous rocks forms approximately 90 per cent 
of that portion of the Cerbat Range included 
in the Chloride quadrangle. Granite gneiss, of 
both metamorphic and igneous origin, is the 
most abundant rock type. Less abundant but 
widely distributed are discontinuous layers of 
crystalline schists, small dioritic and gabbroic 
bodies, highly prophyritic granites, and pegma- 
tite, aplite, and diabase dikes. 

The complex is capped along the extreme 
eastern and southern borders of the range by 
isolated Tertiary volcanic rocks, most of which 
have been preserved in down-dropped fault 
segments. Along the western edge of the 
Chloride district, most of the basement is 
terminated by the Sacramento fault (Pl. 1), 


393 


which has also preserved Tertiary volcanics on 
its down-dropped side. In the Chloride and 
Mineral Park districts the complex has been 
intruded by Ithaca Peak granite porphyry of 


Ficure 1. INDEX Map or ARIZONA 


Showing location of Chloride Quadrangle and 
Ransome’s (1903) physiographic divisions of the 
state. I—Plateau region; II—Mountain region; 
I1I—Desert region. 


Tertiary (?) age. Numerous silicic and mafic 
dikes, along with a host of veins, have likewise 
invaded these basement rocks. 


Metamorphic Rocks—Summary 


Vertical to steeply dipping layers of horn- 
blende-diopside schist and amphibolite, biotite 
schist, quartzite, and lit-par-lit gneiss comprise 
the oldest group of rocks in the region. They 
may be encountered anywhere in the Cerbat 
complex. They typically occur together, but in 
no particular or consistent sequence. Expo- 
sures, though numerous, are discontinuous, and 
more abundant granite gneiss surrounds, inter- 
leaves, and grades into the schists. However, 
in several places enough of these layered rocks 
have been preserved to reveal their disposition 
in fragments of large folds. These folds, and 
evidence of original bedding in the quartzites, 
suggest that the layered rocks were originally 
a series of stratified deposits. The initial thick- 
ness of the series cannot be estimated, but the 
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sum of individual layers in the limbs of a large 
anticline in the Chloride district suggests that 
it would be measured in thousands of feet. 

In addition to the lit-par-lit rocks, many of 
the associated gneisses are believed to be mig- 
matites. 

Superimposed on all the major rock types of 
the Cerbat complex are narrow zones of mylon- 
ite, formed by localized intense shearing. 


Quarizite 

Outcrops of quartzite are scattered and rare. 
Discontinuous layers 2-3 inches thick occur in 
the north end of Silver Hill, in the wash north 
of the Empire mine, and northeast of the 
Towne vein. A bed 2-3 feet thick is exposed 
along the north slope of the ridge just north of 
Merit Spring. One notable occurrence is a 
steeply dipping layer 40-50 feet thick, which 
is included in a series of pegmatite and horn- 
blende schist layers lying adjacent to the 
northern boundary of the Ithaca Peak porphyry 
intrusion of the Chloride District. An excellent 
outcrop of this bed is exposed in thenortheast 
corner of Sec. 28, T. 24 N., R. 18 W., just 
north of the intrusive contact. In all places the 
quartzite is associated conformably with layers 
of hornblende schist. 

The rock is characteristically light gray, 
weathering to a moderate brown. It is finely 
laminated and can be split into thin plates. 
The texture is interpreted as being blastopsam- 
mitic, on the basis of apparently relict sub- 
angular to subrounded grains. Recrystallization 
has resulted in the formation of irregular 
grains and bands of quartz, most of which are 
elongated parallel to the layering of the rock. 
In negligible quantity are dark-brown grains 
of biotite, wisps of muscovite, irregular grains 
of magnetite, sericitized grains of andesine 
feldspar, and stringers of pale chlorite. Tiny 
needles of apatite are common in much of the 
quartz. 

The quartzite indicates that the oldest series 
of rocks in the Cerbat complex is, in part, sedi- 
mentary in origin. Though some removal and 
addition of material may have taken place 
during recrystallization, the almost wholly 
siliceous composition and the apparently relict 
fine bedding and blastopsammitic textures are 
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reliable signs of an original layered, fine- 
grained, quartz sandstone (Bastin, 1909). 


Biotite Schist 


Biotite schist is widely scattered throughout 
the Cerbat complex. It occurs both as narrow 
septa in lit-par-lit gneiss and as layers forming 
separate rock units. 

The discrete layers of biotite schist are gen- 
erally only a few inches to a few feet thick and 
are commonly interleaved with hornblende- 
diopside schist and fine-grained granite gneiss. 
In some places biotite schist seems to be grada- 
tional with the hornblende-diopside rocks. The 
occurrence of small pegmatite or quartz 
stringers in the schist is not unusual. The well- 
developed schistosity of the always steeply 
dipping or vertical strata promotes thorough 
weathering, and the schist is typically soft and 
friable. 

The schist is dark gray to black where fresh 
and moderate brown where weathered. .Tex- 


tures are fine-grained lepidoblastic with por- | 


phyroblastic phases. A typical specimen con- 
tains 50 per cent biotite. The balance consists 
of oligoclase, orthoclase, microcline, and quartz. 
Sphene, apatite, and magnetite occur as poikilo- 
blastic inclusions. 

Porphyroblasts of oligoclase, orthoclase, and 
microcline form “eyes” up to 6 mm. in diam- 
eter, which are xenoblastic to roughly rectangu- 
lar, have highly irregular borders, and are 
intergrown with the adjoining minerals. The 
feldspars are uniformly clear with unoriented 
small and large inclusions. The nature of the 
inclusions (Goodspeed, 1939) plus the clarity 
and stages of growth represented by small and 
xenoblastic to larger idioblastic crystals indicate 
true porphyroblasts and not relict grains or 
phenocrysts. 

The original nature of the schist cannot be 
determined conclusively. The rock occurs in a 
crystalline schist series derived partly from 
sediments and partly from what are believed 
to have been mafic igneous rocks (now horn- 
blende-diopside schists). The general composi- 
tion of the biotite schist may represent either 
sediments or igneous rocks (Harker, 1932, p. 
218, 286). Furthermore, the present com- 
position very likely is partly a result of sub- 
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tractions and additions of material during 
metamorphism. The layers are narrow and in 
intrusive igneous surroundings, and a certain 
amount of metasomatism would be expected. 


hypersthene. All gradations exist, from facies 
containing only hornblende and plagioclase to 
those with only diopside and plagioclase 
(Table 1). 


TABLE 1.—MINERAL COMPOSITION OF HORNBLENDE-DIOPSIDE SCHIST AND AMPHIBOLITE SUITE* 


— ee Diopside Hypersthene Biotite Remarks 

80 Green 20 (75) Amphibolite 

75 Green 235 — 

55 Brown 45 (55) 

50 Brown 50 (60) Present 

20 Green 80 (70) Present 

60 Brown 35 (50) 5 

35 Brown 35 (45) 30 

20 Brown 35 (60) Present 45 Present 

20 Green 10 (62) 55 12 3% Sphene 
50 (62) 45 5 

70 Brown 10 15 5 Amphibolite 


* Prepared with data from 11 thin sections. Figures in per cent. 


Hornblende-Diopside Schist and Amphibolite 


Somber-hued layers of hornblende-diopside 
schist make up the bulk of the crystalline schist 
series and occur throughout the Cerbat com- 
plex. They vary from a few inches in width to 
layers over 400 feet across and in places are 
several miles long. Thick representative layers 
are abundant in the lower slopes of the Chloride 
district. 

In fresh specimens the schist ranges from 
grayish black or greenish black to medium 
gray. A speckled or banded appearance is com- 
mon from an alternation of light and dark 
minerals. The schist characteristically weathers 
to a moderate or light brown. Most specimens 
are fine-grained with varying degrees of acicu- 
lar schistosity, but patches of the rock are 
massive, either fine- or coarse-grained, and are 
best termed amphibolites. Many exposures con- 
tain narrow stringers of pegmatite, disposed in 
small folds or in crenulated and contorted 
ptygmatic patterns. Presumably all of the 
schists have been intricately folded, but the 
effects are not revealed by the apparently 
simple linear schistosity. 

Under the microscope the rocks are seen to 
consist essentially of brown and green varieties 
of hornblende, calcic plagioclase, diopside, and 


The two colors of hornblende are mutually 
exclusive in any one specimen. Minor minerals 
are magnetite, apatite, sphene, and biotite. 

The rocks that contain contorted stringers 
pegmatite are similar to those that do not. The 
only other observable difference is the presence 
of isolated grains of quartz, orthoclase, and 
microcline in the usual assemblage of horn- 
blende, plagioclase, and pyroxene. 

Rocks of this general nature can be derived 
from chloritic, calcareous sediments (Harker, 
1932, p. 266), but the common source of horn- 
blende schists and amphibolites is mafic igneous 
rock (Harker, 1932, p. 278-286). Buddington 
(1939) has described amphibolites with the 
same mineral assemblage (labradorite, diopside, 
hypersthene, hornblende) derived from gabbros 
in the Adirondack complex of northeastern 
United States. In the Cerbat complex, the 
hornblende schists occur in narrow, tabular 
bodies, which undeniably are elements of folds. 
Therefore, the original rocks are believed to 
have been basaltic flows or tuffs. Some or all of 
them may conceivably have been sill-like in- 
trusions in an original series of sediments, but 
an extrusive origin is in accord with that 
attributed by Campbell and Maxson (1936) to 
similar amphibolites in the Grand Canyon, 
which display relict pillow structures. 
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Graphite Schist 


Graphite schist was observed in two small 
prospect pits in the west-central portion of 
Sec. 27, T. 23 N., R. 17 W. These occurrences, 
though unusual, are interesting evidence for 
the possible presence of carbonaceous material 
in the original rocks of the Cerbat complex. 

The graphite schist in these exposures varies 
from 4 to 8 feet in width, strikes northeast, and 
dips steeply to the east. Any continuation 
along the strike is concealed by a cover of 
boulders. The wall rock is granite gneiss. In 
one pit the graphite schist occupies the east 
limb of a small faulted anticline. 

In hand specimen the schist is medium gray, 
with a fine-grained lepidoblastic texture. Micro- 
scopically it is seen to contain 15-25 per cent 
graphite, which occurs as abundant microscopic 
inclusions and as ragged lamellar crystals as 
much as 0.5 by 2.5 mm. in section. The balance 
of the rock consists of about 15 per cent ortho- 
clase and microcline feldspar, 30 per cent 
cordierite, 35 per cent quartz, and less than 1 
per cent muscovite. Minor minerals are apatite 
and sphene. 


Migmatite 


Lit-par-lit gneiss phase.—Lit-par-lit gneiss, 
like the crystalline schists, is distributed 
throughout the Cerbat complex. Outcrops 
showing distinctive streaked patterns range 
from a few feet to more than 50 feet wide. 
The bodies are tabular and may extend longi- 
tudinally for hundreds of feet but are discon- 
tinuous and typically have indistinct contacts. 
All are steeply dipping to vertical. 

The gneiss is medium gray and weathers to 
a moderate brown. It has been formed by the 
injection of sheets of aplitic and pegmatitic 
granite into bodies of biotite and hornblende 
schist, producing an alternation of dark and 
light bands. 

The dark bands are composed in part of the 
minerals previously listed for the schists. In 
addition, pink almandite (?) garnet is common. 
In one specimen, from an outcrop just east of 
the Tennessee mine staff house, an emerald- 
green garnet (uvarovite?) occurs, as well as 
almandite. The specimen is further distinctive 
in that it contains about 3 per cent sillimanite. 
The sillimanite is present principally as the 
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variety fibrolite, in elongate masses of inter- 
lacing needles intergrown with biotite, garnet, 
quartz, and feldspar. Varying quantities of the 
invading granitic material are interspersed with 
the other minerals in the dark bands. 

The light bands typically contain 50 per cent 
or more of quartz and varying amounts of 
orthoclase, microcline, and sodic plagioclase. 

Both light and dark bands range from a 
fraction of a millimeter to more than 10 cm. 
wide. The light bands in places pinch and swell 
irregularly, and the dark bands follow their 
configuration. Some dark bands are interrupted 
or fade out in places but continue after an 
interval. This discontinuity is present both 
microscopically and in field relations. The con- 
tacts of many bands appear sharp in hand 
specimen, though the border minerals always 
interlock, whereas some contacts are hazy and 
indistinct. All degrees of transition exist be- 
tween aplite or pegmatite bands and schist, 
and thorough mixing has produced many nar- 
row layers that are indistinguishable from the 
granite gneiss that forms the bulk of the Cerbat 
complex. The field boundaries of the exposures 
of lit-par-lit gneiss are of similar transitional 
nature. 

Ptygmatic folds, always present in the peg- 
matite and aplite sheets, show the usual char- 
acters of extreme contortion, lack of corre- 
sporidence in form with the fabric of the enclos- 
ing schist, lack of competence, and absence of 
correlation between forms assumed by different 
layers in a single outcrop or specimen. Differ- 
ence in form is well demonstrated where a con- 
torted layer is adjacent to relatively straight, 
undeformed sheets. There seems to be a uni- 
form trend to the axial planes of the folds, 
roughly parallel to the foliation of the host 
rock. 

All observed foliation of the lit-par-lit gneiss 
is conformable with the structural grain of the 
region. Nothing indicates that the attitude of 
the invaded schists has been disturbed. 

All these features are strikingly similar to 
those described by Fenner (1914) for Precam- 
brian injection gneisses in northwestern New 
Jersey. Fenner’s analysis of the mode of origin 
of these gneisses is believed to apply equally 
well in the Chloride quadrangle. This mode is 
one of active invasion by a highly fluid, silicic 
magma. The magma quietly entered the layers 
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of a foliated rock, causing no violent disturbance 
of the attitude of the folia. The host rock was 
impregnated and somewhat softened by an 
“advance dilute portion” of the magma, which 
facilitated the injection process and initiated 
transformation of much of the invaded material. 

Other composite gneiss phases—A detailed 
consideration of the possibility that much of 
the gneiss may be migmatitic instead of mag- 
matic in origin will not be attempted. In the 
lit-par-lit gneisses, all degrees of transition from 
schist bands to granite gneiss occur. The classi- 
fication of the latter as a composite rock, formed 
by processes of metasomatism and magmatic 
injection, is valid, at least for the areas where 
such gradational relationships exist. Whether 
extrapolation may be applied, and a similar 
mode of origin assumed for gneisses that look 
the same but lack exposures showing gradation, 
is largely a matter of opinion. It is believed 
that much of the gneiss, perhaps 50 per cent or 
more, is migmatite, and the balance of mag- 
matic origin. 

Evidence of at least two ages of gneiss sup- 
ports this view. For example, along the crest of 
the range in the Summit mine area, thin septa 
and lenses of fine-grained gray gneiss, transi- 
tional with layers of hornblende schist, are sur- 
rounded and cut by a later medium-grained 
gneiss. The sharp transgressional boundaries of 
the latter are taken to indicate that it is an 
igneous or orthogneiss, whereas the former is 
apparently a migmatite derived from horn- 
blende schist. Repetitions of these relationships 
occur throughout the range. 

A suggestion that migmatite is present in 
large amounts is presented by the numerous 
areas where granite gneiss is transitional with 
layers of schist and lit-par-lit gneiss. This is 
illustrated in the high mountain slopes east of 
Chloride, where granite gneiss composes at 
least 90 per cent of the rocks yet rarely con- 
tinues for more than a few hundred feet with- 
out grading into discontinuous septa of biotite 
and hornblende schist or patches of /it-par-lit 
gneiss. 

The presence of ptygmatic folding in areas 
of granite gneiss is thought to indicate mig- 
matization. In some places highly contorted 
pegmatite veinlets exist in what otherwise 
appears to be a simple granite gneiss. The walls 
of the veinlets are distinct, but the border 
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minerals interlock with the minerals of the 
gneiss. The axial planes of the folds are roughly 
parallel with the foliation of the rock. 

Further support for widespread migmatiza- 
tion is the fact that throughout the Cerbat 
complex the foliation in the gneisses is con- 
formable with the textural and structural grain 
of associated schists. Undoubtedly some of this 
foliation has been inherited from previous 
schists. However, emplacement of intrusive 
rocks has been influenced by pre-existing 
structure, and any flow banding should be 
conformable to this structure. Furthermore, 
uniform directional stress apparently existed 
before, during, and after intrusion of most of 
the igneous rocks in the complex, and foliation 
produced by it would likewise parallel the 
regional trend. 

Granitization, in the sense that it is synony- 
mous with migmatization (Turner, 1948, p. 
306), has seemingly been of considerable im- 
portance in the formation of a large portion of 
the Cerbat complex. However, even with ex- 
tremely detailed study, precise resolution of 
areas of granitization and areas of purely 
igneous gneiss would be difficult, if not im- 
possible. 


Mylonite 


“Tn view of the often complex tectonic operations 
with which regional metamorphism is closely con- 
nected, it cannot be supposed that shearing stress 
merely suffers, like temperature, a steady decline. 
Rather must we expect incidental revivals of more 
or less intense shearing stress, recurring, it may be, 
at various stages of the continued fall of tempera- 
ture. 


This generalization by Harker (1932, p. 346- 
347) is well borne out in the Cerbat complex, 
where effects of continued stress are visible in 
the microstructures of both metamorphic and 
igneous rocks. Intense local shearing is evi- 
denced by zones of mylonitic rocks at many 
widely scattered points in the complex. Exam- 
ples are exposed just southwest of the Arizona 
Magma dump, in the Boulder Dam claim, at 
the Towne mine, south of Mullen ranch, and 
in the saddle of the ridge in the extreme south- 
eastern portion of the quadrangle. In all places 
the mylonite has a northeast trend, parallel 
with the general structural grain. The zones 
range from a few feet to 10-12 feet wide. They 
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have no distinct borders but pass gradually 
into the surrounding gneissose or schistose 
rocks. 

In hand specimen the mylonites are greenish 
gray to dark gray and appear much like a 
porphyroblastic slate or phyllite. They are 
either massive or finely laminated. In some 
places slickensided surfaces exist. Augen of 
feldspar are common, ranging in size from 
barely visible specks to lenticular crystals over 
an inch long. The larger grains were observed 
where pegmatite veinlets seemed to be part of 
the parent rock. 

Under the microscope the effects of intense 
shearing and crushing are reflected in dark 
laminae composed of mineral aggregates so 
fine-grained that they are sometimes not re- 
solvable under highest magnification. Where 
identification is possible, the minerals are prin- 
cipally sericite and chlorite, with some epidote, 
quartz, and feldspar (probably albite). Inter- 
leaved with the dark bands are aggregates, 
lenticles, and stringers of quartz, typically 
intercrystallized with small grains of ortho- 
clase. Sinuous, pinching and swelling bands of 
quartz indicate flowage and recrystallization. 
Augen of orthoclase are numerous, and augen 
of microcline occur in some specimens. All the 
augen seem to be relict grains and are affected 
by cataclasis but not by recrystallization. Other 
relict minerals observed are tiny grains of 
almandite garnet, scattered sparsely along one 
or two laminae of a specimen, occasional flakes 
of biotite, and a few crystals of sphene. These 
are anomalous minerals, high-grade metamor- 
phic products in rocks which have suffered 
extreme cataclasis with accompanying recrys- 
tallization to the low-grade mineral assemblage 
sericite-chlorite-epidote. On the basis of their 
retrogressive metamorphic character, the rocks 
may appropriately be classed as phyllonites 
(phyllite mylonites). 

The localized intense shearing and the re- 
sultant zones of mylonite are assigned to the 
Precambrian, essentially because wide mylonite 
zones were observed only in the areas of the 
Cerbat complex. Owing to a gap in the geologic 
record, involving probably all the Paleozoic 
and Mesozoic, this tenuous assignment is the 
best that can be made. 


B. E. THOMAS—CHLORIDE QUADRANGLE, ARIZONA 


Conditions of Metamor phism 


The metamorphic rocks of the Cerbat com- 
plex have evolved through the action of several 
metamorphic processes. The chief causes have 
been orogenic forces and plutonic igneous in- 
trusion. 

The first major phase of metamorphism was 
produced by orogenesis, with strong directed 
pressure and probably much heat of geothermal 
and mechanical origin. Originally layered rocks 
were squeezed into large folds and recrystallized 
to form a series of crystalline schists. These 
dynamothermal effects encompass and extend 
beyond the area studied, and the action may 
be termed “regional” metamorphism. The 
essential characteristics of the crystalline schists 
are believed to stem from these early effects. 

A second phase of intensive metamorphism 
was imposed through igneous intrusion, which 
appears to have followed closely or to have 
been concomitant with the last stages of oro- 
genesis. The intrusion was characterized by 
injection phenomena and the production of 
migmatite. The metamorphism attributable to 
it is classed as “plutonic.” Following Turner’s 


definition (1948, p. 9), this means essentially , 


deep-seated regional metamorphism, at high | 


temperatures and pressures, accompanied by 
deformation and characterized by metasoma- 
tism, infiltration, and injection phenomena 
derived from igneous intrusion. 

Using the concept of metamorphic facies 
(Turner, 1948, p. 54), the grade of metamor- 
phism that evolved under these combined 
dynamothermal and plutonic conditions can be 
determined. The hornblende-diopside schists 
and amphibolites provide the critical sensitive 
mineral assemblage needed to indicate the 
grade. The association of hornblende and calcic 
plagioclase embraces both medium- and high- 
grade regional metamorphism and corresponds 
in general to the sillimanite, kyanite, staurolite, 
and, in part, the garnet zones of the Scottish 
Highlands (Turner, 1948, p. 76). The occurrence 
together of plagioclase-hornblende-diopside- 
hypersthene represents a special high-grade 
subfacies which not only can be assigned to the 
amphibolite facies, but also has characteristics 
of the granulite facies. It is analogous to a 
mineral assemblage in the Archean rocks of 
the Adirondack complex, where intense regional 
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metamorphism has been accompanied and 
aided by injection of granitic batholiths 
(Turner, 1948, p. 104). It also corresponds to 
the sillimanite zone of regional metamorphism. 
In connection with this, the Jit-par-lit gneiss 
that contains the assemblage sillimanite- 
almandite-orthoclase is noteworthy. 

No conclusions can be drawn as to the evolu- 
tion of the migmatites. Mechanical injection of 
pegmatitic and aplitic material is indicated in 
the lit-par-lit forms, and magmatic soaking 
and impregnation of the host rocks probably 
preceded and accompanied injection. The 
source of the pegmatite and aplite is obscure. 
Igneous origin is possible, but production by 
differential fusion (anatexis) is perhaps more 
likely, because the pegmatite and aplite sheets 
cannot be correlated as differentiates of any 
adjacent large intrusion. The anomalous ap- 
pearance of pegmatite and aplite, as the first 
plutonic products in the Cerbat complex, is 
more easily explained as a function of differen- 
tial fusion than of late differentiation of a 
hidden batholith, considering the presumably 
great depth of erosion of Archean terrains. 

Deformation appears to have continued from 
the early phases of metamorphism, through the 
plutonic stages, and even to have outlasted 
the crystallization of the igneous rocks, thereby 
resulting in retrograde metamorphism. Con- 
tinued stress during the injection of magma is 
suggested by the ptygmatic folding in the mig- 
matites. Correspondence between the outlines 
of the folded igneous layers and the trend of 
schistosity in the host rock implies injection 
under conditions of active deformation and 
signifies that orogenic folding was not yet com- 
plete at the time of first magmatic intrusion. 

RETROGRADE METAMORPHISM: In regionally 
metamorphosed rocks retrogressive changes 
may be brought about by declining tempera- 
tures and by variations in stress, producing 
both mineralogical and structural modifica- 
tions. Both types of change have affected the 
metamorphic rocks of the Cerbat complex, but 
the effects of stress far outweigh those of tem- 
perature, 

Ignoring near-surface changes due to 
weathering and restricted alteration caused by 
hydrothermal sulfide mineralization, only a few 
mineralogical changes can be attributed solely 
to declining temperature at depth: small 
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amounts of chlorite developed from garnet and 
biotite, amphibole from diopside, biotite from 
hornblende, distinct crystals of zoisite and 
epidote from plagioclase (rather than hydro- 
thermally produced obscure grains in saus- 
surite), possibly some sericite from potash 
feldspar, and microperthite in orthoclase and 
microcline. The exsolution of albite is the most 
common mineral change. 

Structural changes are much more in evi- 
dence. Continuation and perhaps intensifica- 
tion of shearing stress during the gradual decline 
of temperature has left its widespread mark. 
Characteristic features are fractures and dis- 
placement in garnet, pyroxene, and hornblende, 
granulation and crushing of the component 
grains in the rocks, especially quartz and feld- 
spar, undulatory extinction and deformation of 
twin lamellae, the presence of sheared “augen”’ 
in many gneisses, and extreme comminution, 
stretching, and milling in the mylonites. The 
mylonites are the best examples of well- 
developed retrogressive metamorphism; in them 
intense deformation has been accompanied by 
mineralogical reconstitution from a high-grade 
assemblage to one containing the low-grade 
minerals chlorite, epidote, sericite, and albite. 


Granite Gneiss 


All the granite gneiss in the region is dis- 
cussed under this heading. However, granitiza- 
tion or migmatization is believed to have been 
widespread, and many of these rocks may 
actually be composite in origin. 

Granite gneiss is the principal constituent of 
the Cerbat complex and the most abundant 
and widespread rock type in the quadrangle. 
It forms massive rugged surfaces with in- 
dividual erosional shapes tending toward 
spheroids or ellipsoids. Where jointing is, 
strong, sheer-walled blocks and columnar crags 
have developed. 

The rocks are characterized by diverse tex- 
ture and structure but relatively uniform com- 
position. Exposures with no obvious gneissic 
banding exist, but the majority show every 
range from faintly banded types to flaser 
gneisses with well-developed “augen” of feld- 
spar. Aside from phenocrysts (or porphyro- 
blasts or porphyroclasts) which reach more 
than 3 cm. in length, the rocks are predomi- 
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nantly fine-grained (less than 3 mm.). Most 
specimens are light to medium gray when 
fresh, but some are pinkish gray and others 
light bluish gray. Weathered surfaces are 
ordinarily light brown to moderate yellowish 
brown. Segregations of biotite as much as 6 
mm. in diameter give a speckled appearance to 
many specimens. 

Under the microscope; the diversity of tex- 
ture and structure is even more marked. Most 
of the gneiss has been cataclastically deformed, 
and the component minerals are surrounded by 
a microcrystalline mosaic of crushed grains. 
However, some specimens have strong gneissic 
banding but show no crushing or granulation. 

The principal minerals are orthoclase (50-70 
per cent) and quartz (10-20 per cent). In most 
specimens microcline and oligoclase are present 
in small amounts. The only characterizing mafic 
mineral which appears consistently is biotite. 
A few grains to a few per cent of green horn- 
blende and some sodic andesine were observed 
in some darker granite gneisses. 

Minor accessory minerals are scattered 
grains of apatite, sphene, magnetite, and 
zircon. 

It has been emphasized that the gneisses 
may be of either composite or igneous origin. 
If the two types are present in about equal 
proportions, their widespread occurrence indi- 
cates that the igneous members represent an 
intrusion of batholithic proportions, which has 
engulfed, assimilated, displaced, and mig- 
matized large quantities of schist. 

The gneissic structures are of complex deri- 
vation. Some of the foliation has been inherited 
from schists, some probably represents flowage 
controlled by structures of the intruded rocks, 
and some may be due to crystallization under 
directional stress. Superimposed on these is 
cataclastic deformation, which has emphasized 
the foliation at times and in places may have 
been the sole agent. This later shearing, while 
localized in intensity, paralleled the established 
structural trend and did not produce any 
noticeable discordant features. 


Mafic Gneisses 


No large exposures of mafic gneiss occur, but 
examples are abundant throughout the areas of 
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the granite gneisses. Most of these small iso- 
lated bodies are probably composite rocks, but 
some might be mafic segregations of magma. 
Several distinctly tabular bodies could repre- 
sent either migmatized schists or intrusive sills. 

The rocks are medium to dark gray and 
weather to a moderate brown. They are fine- 
to medium-grained, may be granular massive, 
but usually show faint to strong gneissic band- 
ing. Tonalite and quartz gabbro were deter- 
mined under the microscope. 


Diana Granite 


The Diana granite, a unit of the Cerbat 
complex, is a coarsely porphyritic intrusion, 
which was mapped separately in the Chloride 
district. Other porphyritic granites occur else- 
where, notably along the east side of the range. 
They are similar in general appearance and 
might be mapped as correlatives if detailed 
work were applied to the entire quadrangle. 

This coarsely porphyritic body occupies the 
central part of the western half of the Chloride 
district. It is roughly circular, witha diameter 
of about 134 miles. 

The medium to coarse-grained texture of the 
rock makes it particularly susceptible to 
weathering and erosion. This, and its location 
along the base of the mountain range, has 
contributed substantially to the development 
of a pediment. The effect has been so marked 
that the pediment reflects the distribution of 
the rock, forming a reentrant into the moun- 
tains which outlines the dimensions of the 
body. The surface is essentially flat, sloping 
gently southwest, and it blends insensibly with 
the overlapping alluvium. The pediment is 
subject to interruptions only where isolated 
septa or pendants of more resistant older schist 
and gneiss occur. A few more resistant portions 
of the Diana granite have yielded spheroidal 
boulders, but these are not common. 

The emplacement of the Diana granite was 
controlled by the distribution of the crystalline 
schists. The granite fills the core of a large 
northeast-pitching anticline and is virtually 
surrounded by steeply dipping layers of schist, 
gneiss, and pegmatite. Broadly, and many 
places in detail, its contacts with the schist 
and older gneiss are distinct. However, in 
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places interaction and apparent assimilation 
have produced narrow zones of composite 
rocks. Some border schists show intimate sheet 
injection that seems to stem from the Diana 
granite. 

One thick septum or pendant of schist and 
gneiss, 144 miles long and three-sixteenths of a 
mile wide, occurs in the eastern portion of the 
intrusion and forms a distinctive ridge in the 
otherwise uniform surface. Other discontinuous 
bodies of older rock are scattered through the 
granite, but the largest of these is only 200 by 
800 feet at the surface. 

The Diana granite is cut by numerous mafic 
and silicic dikes. Along part of its western 
border it is in fault contact with a series of 
Tertiary extrusive volcanic rocks. 

The rock is medium gray on fresh fracture 
and weathers light or moderate brown. Many 
of the outcrops show weak foliation, and some 
exposures are highly gneissic or mylonitic. The 
texture is porphyritic, with a medium-grained 
groundmass. 

Tabular, slightly embayed orthoclase pheno- 
crysts, as much as 5 cm. long, make up about 
20 per cent of the rock. The groundmass, with 
an average grain size of 2 mm., consists of 
about 40 per cent orthoclase, 30 per cent micro- 
cline, 10 per cent oligoclase, 15 per cent quartz, 
and 5 per cent biotite. Apatite, sphene, and 
zircon are additional accessories. 

A plutonic igneous origin for the Diana 
granite is suggested by (1) its relative purity, 
contrasted with the heterogeneous and thor- 
oughly mixed areas of schist and older granite 
gneiss; (2) its control by pre-existing structure, 
with limitation to the core of an anticline; 
(3) its igneous texture, particularly the large 
phenocrysts which, though poikilitic, do not 
contain wholesale inclusions of all the other 
minerals, as in the poikiloblastic “sieve” pat- 
tern so characteristic of metamorphic rocks. 

The strongly gneissic phases are not abundant 
and apparently formed in response to the same 
localized post-consolidation shearing stresses 
imposed on the rest of the Cerbat complex. 
Mylonites in the Diana granite have the same 
northeast trend as those elsewhere. Gneissic 
structures at and parallel to the borders of the 
intrusion are classed as flow banding. 

Emplacement of the Diana granite seems to 
be later than the formation of much of the 


401 


Cerbat granite gneiss, for it cuts across bands 
of granite gneiss that are interleaved with 
schists. Its inclusion in the Precambrian is 
warranted only by the lack of any better 
determination. 


Pegmatite 


In addition to the pegmatite layers in the 
migmatites, dikes of all sizes are numerous in 
the Cerbat complex. These range up to masses 
as much as 600 feet wide and a mile or more 
long, and their distinctive outcrops are often 
discernible for several miles. Large white peg- 
matite bodies are particularly well displayed in 
the limbs of the large anticline in the Chloride 
district. Here they were injected as sill-like 
masses between layers of dark schist and stand 
out in sharp color contrast. Some pegmatites 
form irregular lenses and pockets. 

The pegmatites are granitic. Gray to milky 
quartz composes 30 to 40 per cent of the rock; 
the remainder is orthoclase and minor amounts 
of light bluish-gray microcline. Departures 
from a prevailingly simple composition were 
noted in only a few pegmatites. In a specimen 
from the area just east of the Alice claim all 
the feldspar is oligoclase, strongly antiperthitic 
with stringers and patches of orthoclase. A dike 
northwest of the Dorothy prospect contains a 
small amount of black tourmaline in agraphic 
intergrowth with gray quartz. Muscovite was 
observed in several dikes but is rare. Tiny 
rutile crystals occur in some of the muscovite. 
A small quantity of beryl was found in peg- 
matite on the claim at the south end of the 
Jim Kane group (Haury, 1947). At the open-pit 
mine of the Consolidated Feldspar Corporation, 
on the southeast slope of Bull Mountain, large 
masses of quartz and orthoclase contain small 
seams and segregations of biotite and rough 
prismatic crystals, a few inches long, of black 
vitreous-appearing gadolinite. Detailed study 
of this deposit might reveal the presence of 
other rare minerals. 

At least two ages of pegmatite are present in 
the Cerbat complex. The earlier, sheets and 
veinlets in the Jit-par-lit gneisses, is interpreted 
as the oldest intrusive rock of the complex and 
is possibly a product of differential fusion 
(anatexis). Many of the larger intrusions of 
pegmatite may also be of this age. 

Younger pegmatites cut the Diana granite 
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and similar porphyritic granite bodies in the 
complex. Their post-Diana age suggests an 
origin as late products of magmatic differentia- 
tion. The dikes that contain tourmaline, mus- 
covite, beryl, and gadolinite, which require 
volatile “mineralizers” in their formation, prob- 
ably belong to this later group. Other dikes, 
which lack such minerals and cannot be cor- 
related with the Diana granite, may belong to 
either age as far as composition and appearance 
are concerned. 

Interpretation of the Precambrian pegma- 
tites is complicated by the fact that some of 
the dikes in the complex are probably post- 
Cambrian, for the later Ithaca Peak granite 
porphyry intrusion was followed by pegmatites 
similar to these simple granitic types. 


Aplite 


Aplitic phases occur in the pegmatites, and 
isolated small aplite dikes occur in some places. 
The section on origin and age of the pegmatites 
is equally applicable to the aplites. The com- 
position is similar to that of the simple peg- 
matites except that microcline and orthoclase 
are more abundant, quartz less abundant, and 
many small dikes carry 1 to 2 per cent of 
almandite (?) garnet. 


Diabase Dikes 


Fine- to medium-grained diabase dikes cut 
all the other rock types of the Cerbat complex. 
They range from a few feet to as much as 150 
feet wide, and some can be traced for more 
than a mile. Excellent examples can be seen at 
the Hercules and Midnight mines and in the 
area just north of the Arizona Magma mine. 
Vertical to steeply dipping attitudes are typical, 
but three dikes that cut the ridge east of the 
Mary Bell mine strike N. 40-50° W. and dip 
only 15°-40° E. Diabase occurs in one or both 
walls of many of the quartz-sulfide veins. 

Fresh specimens are dark gray; weathered 
forms are light brownish gray to moderate 
brown. Most of the dikes have been thoroughly 
altered either by weathering or by hydrother- 
mal action. The dikes range from very fine- 
grained chilled border facies to examples in 
which the average length of the feldspar laths 
exceeds 3 mm. 
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A typical specimen contains approximately 
65 per cent labradorite (Ango), 25-30 per cent 
pigeonite, 1-2 per cent hypersthene, about 5 
per cent magnetite, and small amounts of 
biotite and apatite. 

In several places the diabase dikes invaded 


fracture lines previously occupied by Precam- | 


brian pegmatites. Appreciable digestion of the 
pegmatite resulted in a pink-tinted hybrid rock. 
Clumps of partially consumed pegmatite, grad- 
ing into the general mixture, identify the mode 
of formation. 


Since diabase was not observed to intrude | 


any rocks but those of the Cerbat complex, it 
is assigned to the Precambrian. However, as 
the youngest intrusive rock of the complex, it 
could be of almost any age. It possibly came in 
at the same time as the diabases of the Grand 
Canyon, in which event it would be Algonkian 
(L. F. Noble, 1914, p. 55-60). 


Archean History of the Cerbat Complex 


The Archean history of the Cerbat complex 
can be divided into four broad stages: 

(1) The first decipherable event in the region 
was extensive volcanism, with the accumulation 
of probably thousands of feet of basaltic rocks. 
At intervals throughout this period quartz 
sandstones and shales were deposited, possibly 
grading in places into volcanic material. The 


amount of these sediments seems to have been | 


small, but granitization and igneous intrusion 
have masked a large volume of the older rocks, 
much of which was perhaps sedimentary. 


zontal compression imposing a uniform north- 
east structural trend on the region. Probably 
near the end of the orogeny, pegmatitic solu- 
tions invaded the deformed rocks. Lit-par-lit 
injection took place on a large scale, and all the 
rocks apparently became soft and plastic, for 
ptygmatic folding was widespread. Much 
migmatization of the schists occurred, obscur- 
ing parts or all of many folds. However, the 
resulting granite-gneiss migmatite inherited the 
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CERBAT COMPLEX 


_ places the foliation clearly follows the course of 


plunging folds. Fundamentally unchanged 
directional stress continued through and beyond 
this stage. 

(3) Intrusion of granitic magma, possibly 
batholithic, followed this preliminary “soak- 
ing” and sheet injection phase. The emplace- 
ment of the granite bodies was influenced by 
the structure of the schists, and much primary 
gneissic banding, parallel to the guiding schist 
layers, is believed to exist. What process was 
most important in the intrusion of the magma 
is not known. Some displacement of the pre- 
existing rocks probably took place, and the 
occurrence of xenoliths suggests stoping. 
Assimilation products are well developed at 
the contacts of bodies such as the Diana 
granite. Whatever the process, the result has 
been the obliteration of continuous folds, 
leaving only scattered remnants. The introduc- 
tion of large quantities of pegmatite, with 
auxiliary aplite, marks the close of this intru- 
sive stage. 

Continuation or revival of stress, with un- 
changed orientation, impressed secondary folia- 
tion or heightened primary gneissic structure 
in the bulk of the igneous intrusions. Localized 
intense shearing, after consolidation of the 
plutonic bodies, formed narrow zones of my- 
lonite throughout the Cerbat complex. 

(4) The final event was deep erosion and 


| peneplanation. This may have taken place in 


late Archean time. However, the preserved 
portions of the surface lie beneath Tertiary 
volcanic strata, and erosion during intervening 


ages could have formed or perfected this sur- 
face. 


The diabase dikes of the Cerbat complex are 


_ believed to be much later, though possibly still 


Precambrian (Algonkian). 


Age and Correlation of Cerbat Complex 


The lack of fossiliferous rocks in the Cerbat 
Range precludes any conclusive age deter- 
minations, and the Cerbat complex is placed in 
the Archean on the basis of petrologic similarity 
to other Archean terrains. Its “Archean char- 
acteristics” are: a high grade of regional and 
plutonic metamerphism; extensive injection of 
magmatic material under conditions of general 
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softening and plasticity; and the dominance of 
true granite in the intrusive members. 

The most logical and accurate correlation is 
with the Archean rocks of the Grand Canyon, 
which possess similar lithological, structural, 
and historical features. Campbell and Maxson 
(1938) have described four periods in the 
Archean history of the Grand Canyon: (1) 
deposition of thick, monotonous sedimentary 
formations, dominantly sandy clays with 
quartz sands; (2) eruption of basalts, with 
intercalated thin sediments; (3) orogeny and 
granitic intrusion; and (4) erosion. Except for 
the lack of thick sediments (which may have 
been granitized) in the Cerbat complex, this 
sequence of events and the resulting assem- 
blage of quartzites, mica schists, hornblende 
schists, amphibolites, many migmatites, and 
large volumes of granite and pegmatite are 
almost identical in the two regions. Application 
of orogenic forces was also the same, resulting 
in a northeast structural trend. Campbell and 
Maxson suggested restricting the name Vishnu 
series to the metasediments, and in that sense 
it has no correlative in the Cerbat complex. In 
the broader sense, as used by L. F. Noble 
(1914, p. 32-35), however, the Vishnu schist 
can be correlated with the Cerbat schists. 

Lithologically and structurally the Cerbat 
complex is similar to the Archean rocks in the 
core of the Virgin Range, Nevada, briefly de- 
scribed by Longwell (1928, p. 22). With other 
areas, correlation is weak and can be based 
only on the northeast structural trend. Wilson’s 
(1940) summary of the Precambrian of Arizona 
basin ranges shows this general northeast 
grain to be characteristic wherever the early 
Precambrian has been described in Arizona, 
including the Pinal and Yavapai schists of the 
south and central areas. 


ITHACA PEAK PORPHYRY 
Distribution and Topographic Expression 


Two intrusions of granite porphyry, within 
the Cerbat complex but presumably much 
younger, are exposed along the western flank 
of the range, one in the Chloride district and 
the other in the Mineral Park district. They are 
similar in texture and composition and are 
assumed to be the same age. 
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The intrusion in the Chloride district is in 
the form of a curved, steeply dipping sill 2000- 
5000 feet thick. North of Chloride the granite 
porphyry has been eroded into a group of rugged 
ridges and peaks that rise to heights of 1000 
feet above the town. The remainder of the 
arc, to the west, consists essentially of one 
main ridge that is much less rugged and which, 
aside from isolated peaks, decreases gradually 
in elevation from east to west. 

The intrusion in the Mineral Park district is 
apparently a roughly equidimensional stock, 
314-4 miles in diameter, with its center ap- 
proximately at Gross ranch. The intrusion is 
flanked on the west by alluvium and continues 
an unknown distance beneath the surface of 
the Sacramento Valley. Several thick tongues 
extend from its southeast side, the largest 
reaching 114 miles through Union Basin to the 
Golconda mine. A gently rolling pediment, 
with exposed widths up to a mile, has been 
developed along the western side. The portion 
of the stock within the mountains has been 
eroded into a cluster of steep rugged peaks with 
an average relief of about 700 feet. These 
stand out in sharp contrast to the surrounding 
areas of the grayish Cerbat complex, as they 
have weathered to light brown and reddish 
brown, and also have rougher slopes. Most of 
the rough slopes and crags are due to silicifica- 
tion of the rock. 

In addition to this large sill and stock, 
numerous dikes or sills and a few small plugs 
of granite porphyry have invaded the Cerbat 
complex. Dikes are especially abundant in the 
Chloride district. 


Petrography 


Fresh specimens are light gray. Surface ex- 
posures weather to light brown or pale reddish 
brown and in parts of the Mineral Park stock 
to dark reds and brown. Much of the stock 
has been mineralized, and the oxidation of 
pyrite accounts for the reddish color. 

Parts of both intrusions are foliated, and 
some border facies are strongly gneissic. Folia- 
tion is better developed, however, in the 
Chloride district sill than in the Mineral Park 
stock. 

The rock is hypidiomorphic porphyritic, 
with a fine-grained to microcrystalline ground- 
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mass. Microcrystalline, interlocking grains of 
quartz and feldspar compose 10-15 per cent of 
the rock. An average specimen contains about 
60 per cent orthoclase, small amounts of 
microcline and oligoclase, 30 per cent quartz, 
and 5-10 per cent biotite. Accessory minerals 
include magnetite, sphene, zircon, apatite, and, 
in some specimens, garnet. 


Origin and Intrusive Relations 


The microcrystalline phase of the ground- 


mass in the Ithaca Peak porphyry suggests a | 


relatively shallow, hypabyssal intrusive. This 
is its chief distinguishing characteristic; in 
composition and even in gneissic structure it is 


highly similar to much of the Precambrian 
granite. 

The body in the Chloride district was in- 
truded concordantly into curved layers off 
Archean schist and gneiss, and its exposure 
emphasizes the banding of the outcrops that 
surround a core of Diana granite. It is classed 
best as a curved sill that was injected in a near- 
vertical attitude into a steeply pitching large 
anticline. 

The Mineral Park stock was likewise influ- 


enced by pre-existing structure, though not to 
the same degree. Its northwestern edge follows! 
a steeply pitching anticline, and anticlinal 
septa of Archean rocks are present in the 
northern portion of the stock. The configuration | 
of its southern-border and the attitudes in the 
adjacent Cerbat complex suggest that it has_ 
also followed an anticline there. In many! 
places, however, its contacts parallel the folia- | 
tion of the adjacent country rock but do not) 
follow distinct folds. In a few places it is) 
strongly discordant with neighboring structure. | 

The contacts of the intrusions are sharp, 
though the schistosity of surrounding Archean 
rocks has in places led to narrow zones of 
closely spaced injected sheets of granite por- 
phyry. The high-grade regional metamogphic 
and plutonic igneous nature of the host rocks 
has prevented the development of any obvious 
contact metamorphic effects. 

The Mineral Park stock is believed to have 
been emplaced by a combination of forceful 
injection and piecemeal stoping. The structural 
guidance of folds and the planar-flow structures} 
at and near many of the contacts uphold the 
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former. The presence of isolated pendants of 
the Cerbat complex in the interior of the stock 
supports the latter. In the Chloride district sill 
some stoping may have taken place, though 
spreading of the anticlinal layers conceivably 
could have provided the necessary space. 


Age 


Schrader (1909, p. 30) classified the Ithaca 
Peak porphyry as late Jurassic or early Cre- 
taceous and thought it to be of the same period 
_ of intrusion as the batholiths of California and 
western Nevada. However, he also believed the 
intrusions to be allied with similar bodies in 
the Oatman district, 25 miles southwest of 

Mineral Park. These were later mapped as 
| intrusive into volcanic strata and assigned to 
the Tertiary (Lausen, 1931, p. 44-46). A Ter- 


oft tiary age is assumed for the Ithaca Peak por- 


ure 


hat 


sed 
rge 


flu- 
, to 


phyry in this paper, on the basis of its close 
areal and structural relations with the Tertiary 
vein system in the Cerbat Range. 


GRANITE PorRPHYRY DIKES 


Vertical, or nearly vertical, tabular sheets of 
granite porphyry are scattered throughout the 


' areas adjacent to the Ithaca Peak porphyry 


intrusions. They are profuse in the eastern part 
of the Chloride district. Although many of the 


ny | 
lia- | 
not | 


' sheets are concordant with the schistosity of 
' the host rocks and should properly be called 


sills, they are classed as dikes for this dis- 
cussion. 

The dikes range from discontinuous sheets a 
few inches thick to layers as much as 200 feet 


; thick and several miles long. Though many of 
' the prominent dikes strike east-northeast, the 


major trend is northwest. Granite porphyry is 
common in one or both walls of the quartz- 
sulfide veins. 

Some of the dikes form ridges, but most have 
no distinctive topographic expression. All the 
dikes seem to have undergone some hydrother- 
mal alteration and silicification, even where 
they are not in direct association with quartz 
veins. As a result, the dikes are bleached whitish 


to yellowish brown, which stands out against 


the grays and blacks of the surrounding gneisses 


and schists. 


A porphyritic texture in the dikes is provided 
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by relatively few orthoclase phenocrysts, 
which, however, occur as crystals as much as 
several millimeters in length. A common tex- 
tural variation is provided by the occurrence 
of small stringers, lenses, and pods of white 
pegmatite, apparently younger but closely re- 
lated genetically to the granite porphyry. The 
bulk of the rock is fine-grained and aplitic in 
hand specimen. Brown limonite-stained joint 
lines and faces are typical, with strong staining 
extending from the fractures into the rock as 
much as 1144 cm. Many of these fractures are 
lined with chalcedonic quartz. 

The microscope shows the groundmass to be 
an allotriomorphic aggregate of quartz, micro- 
perthitic orthoclase, and a few grains of micro- 
cline. A few small aggregates of chlorite, quartz, 
magnetite, and limonite apparently have been 
formed from original biotite flakes. This assem- 
blage, with a few phenocrysts, composes ap- 
proximately 75 per cent of the rock. The 
remaining 25 per cent consists of an interstitial 
mosaic of cryptocrystalline to microcrystalline 
quartz and orthoclase, accompanied by much 
sericite and murky brown limonite. 

Many of the dikes show weak gneissic struc- 
ture. Observed foliation was parallel to the 
walls and was probably formed by planar flow. 
However, the possibility of secondary foliation 
is indicated by minor cataclastic crushing and 
granulation, seen under the microscope. 

The granite porphyry dikes were injected 
shortly prior to, or simultaneously with, the 
introduction of the Ithaca Peak porphyry sill 
and stock, for none were found transgressing 
these intrusions. 


PEGMATITE AND APLITE 


Small dikes, Jenses, and irregular masses of 
pegmatite and small aplite dikes occur within 
the Ithaca Peak porphyry. They are more 
abundant in the Mineral Park stock than in 
the Chloride sill. The rocks are petrographically 
the same as the simple pegmatites and aplites 
in the Cerbat complex. 


LAMPROPHYRE DIKES 


Lamprophyre dikes are located principally 
within and near the Ithaca Peak porphyry sill 
and stock, though examples occur as far away 
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as the eastern base of the Cerbat Range. 
Lamprophyres are common in the walls of 
quartz-sulfide veins. 

VOGESITE: Vogesite dikes occur in many 
places, and exposures are excellent immediately 
northeast of the Tintic mine, just west of the 
Mary Bell mine, and on the ridge northwest of 
the Minnesota-Connor mine. Most of the dikes 
strike northwest. They are usually 5-20 feet 
thick and normally can be traced for only a 
few hundred feet. However, the dike just west 
of the Mary Bell mine is 100 feet thick and 
extends more than half a mile. The rock is 
dense and resistant to weathering, and some 
of the dikes project as irregular ridges, rising 
5-10 feet above the surrounding country. 

Fresh specimens are dark gray to dark 
greenish gray, and weathered surfaces are light 
olive gray to brownish gray. Altered feldspar 
and hornblende are discernible under a hand 
lens. The rock almost invariably contains 
medium- to coarse-grained, rounded crystals of 
quartz, accompanied in some specimens by 
crystals of orthoclase feldspar. These minerals 
appear to be xenocrysts and not original con- 
stituents of the rock, though some of the feld- 
spar crystals may be phenocrysts. 

Alteration products are normally so abundant 
that the determination of the rock is difficult. 
The texture is porphyritic, with a very fine- 
grained groundmass. Relatively unaltered por- 
tions of phenocrysts were determined as both, 
orthoclase and plagioclase. In the groundmass, 
brown hornblende needles are abundant. Ortho- 
clase and plagioclase laths, abundant apatite 
needles, and a few grains of magnetite make 
up the balance of identifiable primary minerals. 
There seems to be slightly more orthoclase 
than plagioclase. Large quantities of pale-green 
chlorite, with calcite, sericite, kaolin, epidote, 
and zoisite, have formed as alteration products. 

SPESSARTITE: Spessartite dikes are numerous. 
They range from 18 inches to several feet in 
width, and most of them strike northwest. One 
dike, 5-6 feet wide, forms a low ridge immedi- 
ately north of the Tennessee mine tailings 
dump. Other examples occur west of the Sing- 
low claim, in the west wall of the Mayflower 
vein, and in association with the vein immedi- 
ately south of the Copper Age mine. 

The rock is brownish gray on weathered sur- 
faces and dark greenish gray where fresh. 
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Development of large phenocrysts of horn- | 
blende and feldspar is characteristic. 

A fresh specimen from the dike south of the 
Copper Age mine was examined under the 
microscope. Phenocrysts compose 5-10 per cent 
of this rock. In order of abundance, these con- 
sist of brown hornblende, augite, and com- 
pletely altered feldspar. The hornblende occurs 
in two generations—crystals completely altered 
to a mixture of chlorite and epidote, and fresh 
crystals. The augite is partly chloritized, and 
the feldspar is thoroughly saussuritized. Fresh 
feldspar phenocrysts from other specimens 
were determined as-andesine (Ang). The rela- 
tive abundance of hornblende and feldspar 
phenocrysts varies widely. In some specimens 
feldspar crystals greatly outnumber the horn- 
blende crystals. 

The groundmass consists mostly of laths of 
andesine, with small amounts of hornblende, ¢ 
augite, magnetite, and apatite. 

KERSANTITE: A dike of kersantite occurs in 
the footwall of a short vein immediately west 
of the Boulder Dam claim. The dike has a 
maximum thickness of 5 feet. It is pre-mineral 
in age. 

The fresh rock is grayish brown, and 
weathered and hydrothermally altered speci- 
mens are dark greenish gray. The texture is 
porphyritic with a microcrystalline groundmass. 
Most of the phenocrysts are biotite plates, 
usually well altered. Clear calcite is the chief 
alteration mineral, and the calcite is without 
exception partly or totally rimmed by narrow 
growths of fibrous brown chlorite. Feldspar | 
phenocrysts are altered to calcite that is murky | 
with an aggregate of sericite and other altera- © 
tion products and typically cut by veinlets of ] 
brown chlorite. The nature of the alteration 
products suggests that the original feldspar was 
a calcic plagioclase. 

The groundmass consists of about 30 per 
cent fresh biotite, 10 per cent magnetite gran- 
ules, and the balance chlorite and calcite. A 
few crystals of sphene are present. 

AGE OF LAMPROPHYRES: The lamprophyre 
dikes were injected after the consolidation of 
the Ithaca Peak porphyry and prior to the © 
quartz-sulfide vein mineralization. Their time i 
relationships with the volcanic dikes and ex- : 
trusive rocks are not known. Though the differ- © 
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LAMPROPHYRE DIKES 


rn- lin origin, and therefore of about the same age, 
the vogesites seem to have preceded the 
the | spessartites, as a dike of the latter cuts a 
the | vogesite dike west-northwest of the Singlow 
ent |claim. The relative position of the kersantite 
on- | has not been determined. 


urs | TERTIARY ERvuPTIVE Rocks—SuMMARY 


esh | Tertiary volcanic strata. probably covered 
nd } the entire Chloride quadrangle. Remnants now 
ash joccur west of Chloride and discontinuously 
ans \along the east flank of the range. The oldest 
la- | eruptive rocks are the Bull Mountain series of 
yar | flows, tuffs, and breccias predominantly an- 
ns | desitic in composition. These rocks rest upon a 
rn- |surface cut on the Precambrian Cerbat complex. 
Overlying these basal andesites, with apparent 
of |disconformity, are the Kingman series of rhyo- 
Je, Flite tuffs, breccias, and flows. West of Chloride, 
on the north side of the mouth of Big Wash, 
in | an andesite flow lies unconformably on rhyolite 
st | tuff and breccia. 

af} These volcanic extrusions have previously 
-al >been assigned to the Tertiary by Schrader 
(1909, p. 34) and Lee (1908, p. 14). There is 
nd no proof that all of them are Tertiary, but 
si- } their inclusion as part of the Tertiary volcanic 
is | system, so widespread over the Basin and 
| Range province, is reasonable. 


ef | Butt Mountain SERIES 

ut 

w | The Bull Mountain series of flows, tuffs, and 
ar | breccias occurs along the east side of the range, 


y | where only rapid mapping was done, to deter- 
,. mine general rock distribution and structure. 
of | The series covers several square miles in the 
n | Southeastern part of the quadrangle. This area 
3 { is the northernmost extension of the large vol- 
| canic mass known as the Kingman Mesa, and 
- the topography is that of a well-dissected, 
. | block-faulted table land. The strata reach a 
4 | thickness of almost 1000 feet in this section, 
hundreds of feet being exposed in sheer cliff 
e | faces. The beds strike predominantly northeast 
f | and dip gently southeast. Farther north the 
' Bull Mountain series occurs as isolated small 
e | cappings of ridges and buttes, with a maximum 
thickness of 350 feet. 
. Theseries consists mostly of flows of medium- 
4 | Stay to grayish-red purple andesite, with some 
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dark-gray basalt members. Intercalated with 
the flows, and especially abundant in the basal 
section, are beds of pink and red scoriaceous 
breccia and yellow to red tuff and lapilli. 

Wherever exposed, the basal beds lie upon an 
almost flat surface of Precambrian rocks. The 
maximum relief observed in this surface is not 
over 50 feet. The surface and the superimposed 
volcanic strata dip gently away from the 
mountains. In the southern part of the range 
the dip is southeast; north of Vock Wash it is 
northeast. In places the volcanic rocks pass 
beneath the alluvium of the Hualpai Valley. 

Detailed mapping would divide the series 
into at least two units, for, after an initial 
period of volcanic activity, the beds in some 
places were cut by faults and the uplifted por- 
tions were removed by erosion. The maximum 
observed displacement is only 250 feet, and the 
period of erosion was sufficiently long to restore 
a flat surface. The remaining beds were then 
covered by andesitic material. Any tilting 
which accompanied the faulting must have 
been slight, as no distinct angular unconformity 
exists between the lower and upper strata. 

In several places the Kingman rhyolite series 
overlies the Bull Mountain series with con- 
cordant attitudes. However, in the section 
north of Vock Wash, faulting aid erosion of 
the andesitic strata seem to have preceded 
extrusion of the rhyolite, and the relationships 
are disconformable, at least in that area. This 
period of faulting and erosion might represent 
the intra-Bull Mountain series break, if the 
upper andesitic beds had not been deposited or 
had been stripped away prior to the outpouring 
of rhyolite. More likely however, the faulting 
and erosion followed the andesitic volcanic 
activity and represents an intervolcanic break. 

Most, if not -all, of the volcanic exposures 
along the east side of the range have been pre- 
served by down-dropping along northwest- 
trending normal faults, which are younger 
than the Kingman rhyolite series. 

CORRELATION: The Bull Mountain series 
corresponds to the “older andesite” of Lee 
(1908, p. 16) and occupies the same strati- 
graphic position as the Alcyone and Esperanza 
trachytes, Oatman andesite, and Gold Road 
latite of the Oatman district in the Black 
Mountains (Lausen, 1931, p. 27-36). 
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KINGMAN SERIES AND BiG WasH ANDESITE 
Chloride District 


General description —Small patches of strati- 
form volcanic rocks occur along the western 
edge of the Chloride district, on the down- 
dropped side of the Sacramento fault. The beds 
strike northwest, dip southwest at varying 
angles, and form a series of isolated low hills 
along the fault line. The volcanic rocks disap- 
pear to the west beneath the alluvium of the 
Sacremento Valley and tongues of alluvium 
separate the hills. 

Kingman series—Explosive rhyolitic prod- 
ucts of the Kingman series are the oldest 
exposed volcanic rocks. Several different beds 
can be distinguished, all conformable, with a 
strike of N. 50°-60° W. and a dip of 25°-30° 
SW. Since the Sacramento fault, against which 
the beds terminate, strikes N. 45° W. and the 
beds dip southwest, the lowest strata should 
occur farthest to the north along the fault line. 
However, this cannot be relied upon, as 
auxiliary faulting, at high angles to the Sacra- 
mento fault, has broken the stratigraphic con- 
tinuity. 

The two :.\orthernmost mapped exposures 
contain a visible section approximately 700 feet 
thick, composed of coarse reddish breccias. The 
rocks are distinctly stratified and well con- 
solidated. 

In tie three exposures to the south several 
hundred feet of strata must be represented, but 
the maximum thickness of any one section is 
about 80 feet. Three rock types are present. 
The lowest and thickest is a loosely consolidated 
grayish-yellow to light-brown tuff that is 
massive in hand specimen. It is light, porous, 
and can be dented easily with a pick. Essen- 
tially a vitric-lithic tuff, it is composed mostly 
(90 to 95 per cent) of pumice fragments. The 
remainder of the rock consists of angular, 
accidental rock fragments. Most of these frag- 
ments are gray to reddish porphyritic andesite, 
but a few are light-gray porphyritic rhyolite. 
Sparse, isolated crystals of feldspar occur in 
some specimens. 

Overlying the unconsolidated tuff is a bed of 
welded tuff, 10-15 feet thick. Hand specimens 
are pale yellowish brown to grayish red, with a 
streaked and layered structure visible even in 
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tiny fragments. The streaks consist of com- 
pressed blebs of black volcanic glass. In some 
places there are distinct beds of vitrophyre a 
foot or more thick. The rock is compact and 
breaks with a rough conchoidal fracture. 

Above the welded tuff, but with what seem 
to be gradational relationships, lies a reddish- 
brown tuffaceous breccia. A maximum thick- 
ness of approximately 30 feet of this breccia is 
exposed beneath a basalt capping. The rock is 
composed of fragments of pumice set in a ma- 
trix of pumiceous ash and small lapilli. Nu- 
merous accidental fragments of andesite are 
scattered through the rock. The pumice and 
andesite fragments are essentially the same in 
composition as those in the welded tuff, and 
the pumice fragments in the breccia are col- 
lapsed into waferlike forms. The chief distinc- 
tion between the breccia and the welded tuff is 
degree of coarseness. 

Devitrification is more advanced in the 
pumice of the breccia than in that of the 
welded tuff, and calcite and tridymite are 
abundant in the groundmasses of both pumice 
and andesite fragments. 

Big Wash andesite.—A flow of andesite 50-60 
feet thick unconformably overlies the pyro- 
clastic rhyolite beds in the northernmost 
mapped exposures of volcanic rocks. The 
andesite strikes N. 45° W., essentially parallel 
to the course of the Sacramento fault, and dips | 
about 15° SW. Platy jointing is well developed 
in the bed and is expressed through the develop- 
ment of ledgelike outcrops. 

History—All the rhyolite along the Sacra- | 
mento fault is pyroclastic. Although the ex- | 1909, p. : 
posures are limited, the beds are thick, and | PY Lee (1 
extensive volcanism is indicated. Following | ™" Mes 
their deposition, the rhyolite beds were tilted | 
about 15° SW. A long enough period of erosion Q 
followed to permit thorough planation. The} 
rhyolite was then unconformably covered by a | Sheets 
flow of andesite. Later tilting brought the 
andesite to an average dip of 15° SW. and the | along the 
rhyolite beds to about 30°. The late tilting was | gently di 
probably a function of movement on the Sacra- ably on t 
mento fault. The beds occur on the down-| ‘Vers res 
dropped side of the fault, and drag could have | ™Y 8T@v 
produced the present attitude of the andesite | to lie unt 
and part of the dip in the rhyolite. The early | Reddish — 
tilting of the rhyolite, however, cannot be ex-/ basalt are 
plained in this fashion, for the beds strike into observed. 
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KINGMAN SERIES AND BIG WASH ANDESITE 


m-/| the fault. Deformation not related to the 
me } Sacramento fault must have occurred, and the 
° a} initiation of the Sacramento fault must have 
ind | taken place in a late stage of the regional 
geologic history. 


sh- East Side of Cerbat Range 


.is} The remnants of the Kingman rhyolite series 
-js | which overlie the Bull Mountain series along 
na- | the eastern flank of the range contain the same 
lu- | types of loosely compacted tuffs, breccias, and 
are | welded tuffs that occur in the chloride district. 
nd | However, the sections are thinner (300 feet is 
in | the observed maximum), and rhyolite flows are 
nd | present in addition to pyroclastics. These flows 
ol- | are light gray, with a vitrophyric texture and 
nc- | a pronounced flow structure. Phenocrysts are 
fis | sanidine, and a few crystals of orthoclase, 
t oligoclase, quartz, biotite, hornblende, zircon, 
he | and sphene. The groundmass is partially de- 
he | vitrified to a cryptocrystalline mosaic. 
ire} Deformation has not been so strong on the 
ice | east side of the range, and the rhyolite beds 
dip only 6°-8°. 


r0- Correlation 


he| Phe Kingman series corresponds to the young 
lel | Thyolite series of the Black Mountains, de- 
ps scribed briefly by Schrader (1909, p. 40) and 
ed | discussed as the Antelope rhyolite and Sit- 
greaves tuff by Lausen (1931, p. 37-39). The 
Big Wash andesite correlates with the “younger 
.| andesite” of the Black Mountains (Schrader, 
| 1909, p. 41), and similar strata are mentioned 
1d| by Lee (1908, p. 16) in the White Hills, King- 
ng | man Mesa, and Aquarius mountains. 

ed | 
on QUATERNARY OLIVINE BASALT 


: | Sheets of olivine basalt 10-25 feet thick cap 
ne | all the mapped exposures of volcanic rocks 
he | long the Sacramento fault. They are flat to 
as | ently dipping southwest and lie unconform- 
q-| ably on the older rocks. Portions of the basalt 
“ layers rest on and interfinger with the Quater- 
ve | Baty gravels, and in one place the basalt seems 
te | 0 lie unbroken across the Sacramento fault. 
ly | Reddish to black scoria is abundant in the 
x.| basalt areas, and a few volcanic bombs were 
to | observed. 
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The basalt is dark gray where fresh and 
weathers grayish or dusky brown. It is vesicu- 
lar and in some places contains amygdules of 
clear calcite. The texture is porphyritic with 
phenocrysts of olivine and augite. The ground- 
mass has an intersertal texture and is composed 
of a dense felt of labradorite laths and scat- 
tered grains of magnetite, augite, and olivine, 
all set in a matrix of dark-brown glass. 

The older volcanic rocks had been deposited, 
block faulting and extensive erosion had deter- 
mined the present configuration of the moun- 
tains, and large amounts of alluvium had col- 
lected before the extrusion of basalt. This is 
shown by the fact that the basalt overlies and 
interfingers with the alluvium and also overlies 
the Sacramento fault, which cuts the under- 
lying volcanic rocks. The basalt can be assigned 
with little question to the Quaternary. 


Votcanic DIKES 
Rhyolite 


Rhyolite dikes are numerous in all the 
mineralized areas. Small dikes are scattered 
throughout the Chloride district, many of them 
in the walls of quartz-sulfide veins. One very 
large dike in the eastern, highest portion of the 
area strikes N.25° E., dips steeply west, ranges 
from 50 to 200 feet wide, and is more than 2 
miles long. It crops out in the saddle immedi- 
ately north of the Lucky Boy mine, runs 
through the ravine below the Samoa-Brighter 
Days camp, and passes on south into the 
Mineral Park district, where it cuts the Ithaca 
Peak porphyry. 

A distinctive zone of thick, steeply dipping 
rhyolite sheets, striking N. 20° W., cuts 
through the center of the Ithaca Peak por- 
phyry stock. This zone is as much as a quarter 
of a mile wide and more than 4 miles long. 
Thick dikes are exposed at the gateway to the 
Mineral Park basin and near the Oro Plata 
mine in Todd Basin. Several prominent rhyolite 
dikes, striking about N. 40° W. occur near the 
mouth of Cerbat Canyon. Some of the dikes 
form strong ridges, whereas a dike that cuts 
the peak just northeast of Gross ranch has 
eroded to form a trench through the top of the 
peak. 

The rhyolite is yellowish gray, and most 
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specimens are megascopically porphyritic. 
Many dikes are moderately to strongly silici- 
fied. 

In two specimens examined under the micro- 
scope, the rhyolite exhibits a cryptocrystalline 
to microcrystalline porphyritic texture. The 
phenocrysts are mostly orthoclase and micro- 
cline. Carlsbad twins are common, and some of 
the phenocrysts are poikilitic with inclusions of 
quartz, muscovite, apatite, and zircon. Rounded 
grains of quartz occur as phenocrysts but are 
not abundant. The groundmass consists of 
approximately 70 per cent orthoclase and 30 
per cent quartz. Scattered crystals of zircon 
occur in the groundmass, and sericite is abun- 
dant in the orthoclase. Veinlets of microcrystal- 
line quartz cut the specimens examined, and 
the sericite, and perhaps some of the quartz in 
the groundmass, may be of hydrothermal origin. 
No mafic minerals were observed in any of the 
dikes, either microscopically or megascopically. 

Chemical analyses would be necessary to 
determine the composition of the dikes, but 
the microscopic examination suggests that they 
are high-potash dikes, similar to those in the 
Homestake Mine, Lead, South Dakota, de- 
scribed by J. A. Noble (1948). 

Rhyolite dikes occur within the Ithaca Peak 
porphyry and therefore are younger. Their 
position relative to the lamprophyre dikes was 
not determined. It is assumed that the rhyolite 
dikes were intruded in Tertiary time, as part 
of the Tertiary volcanic system of the Basin 
and Range province. Correlation with the 
extrusive Kingman rhyolite series might be 
possible if compositional similarity could be 
demonstrated. In view of the high-potash con- 
tent of the dikes, however, this does not seem 
likely. The silicification and the truncation of 
some of the dikes by quartz-sulfide veins indi- 
cate that the rhyolite is pre-mineral. No 
rhyolite dikes were observed to cut the veins. 


Andesite 


A few small andesite dikes cut both the 
Cerbat complex and the Ithaca Peak porphyry. 
They range from 6 inches to 4 feet wide, and 
some of them project as low ridges above the 
surrounding rocks. None could be traced more 
than a few hundred feet. 
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The rock is dark greenish gray to dark gray 
with a porphyritic texture and a microcrystal. 
line hyalopilitic to intergranular groundmass. 
Phenocrysts of labradorite (Anss), about 5 
cent of the rock, occur as euhedral, slightly 
resorbed crystals. 

About 60 per cent of the groundmass con- 
sists of a felt of andesine laths. Interstitial to 
the laths are green chlorite and grains and 
rods of magnetite, partly altered to hematite, 
The shape of some grains suggests that th 
chlorite was derived from pyroxene. 

Some dikes are associated with quartz-sulfide 
veins and are thoroughly propylitized. Specks 
of disseminated pyrite, of hydrothermal origin, 
are common in these altered dikes. 

The dikes are possibly related to the extrusive 
volcanics and are presumed to be Tertiary. 
Similar to the rhyolite dikes, they are younger) 
than the Ithaca Peak porphyry but of undeter* 
mined position with respect to the lampro- 
phyres. No exposures were found in which the 
sequence of introduction of the rhyolite dikes 
and andesite dikes could be ascertained. The 
occurrence of andesite in the walls of veins, 
with attendant propylitization, indicates a pre- 
mineral or, at the latest, an inter-mineral age 
for the dikes. 


Basalt 


-A small olivine basalt dike crops out within 
the Ithaca Peak porphyry sill, half a mile 
north of the town of Chloride. A larger basalt 
dike, 8-10 feet wide, cuts the Cerbat complex 
in the hillside due west of Merit Spring. The 
basalt is highly vesicular and amygdaloidal in? 
places. Aside from dating the small dike as 
post-Ithaca Peak porphyry, no age determina-) 
tions can be made. The dikes may be Tertiary 
and related to the basaltic rocks of the extrusive 
Bull Mountain series, or they may be Quater- 
nary and related to the basalt flows that inter- 
finger with alluvium. The dikes are similar in 
appearance and composition to flows of both 


ages. 


ALLUVIUM 


The alluvium in the region is composed aj 
the detritus that covers the bottoms of the 
canyons and washes, the fill of the Sacramento 
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ALLUVIUM 


and Hualpai valleys, and the terrace deposits 
along the walls of many canyons. The detritus 
now moving along the drainage ways is of 
course Recent. The terrace deposits represent 
older alluvium, as does the bulk of the detrital 
apron flanking the range. The Sacramento 
Valley apron has been dissected, exposing 
older debris. The Hualpai Valley apron is only 
locally dissected, and the older fill is mostly 
covered with Recent wash. 

The terrace beds and dissected portions of 
the aprons reveal a poorly sorted accumulation 
of angular to subrounded sand, pebbles, cob- 
bles, and boulders representing all the rocks of 
the Cerbat Range. Boulders 10-15 feet in 
diameter are not uncommon, though cobbles 
1-5 inches in diameter predominate. A poorly 


| defined stratification exists in some places, as 


do distinct beds of sand and silt. The deposits 
are largely unconsolidated, but terraces in the 
Mineral Park district have been cemented by 
iron oxides, and white to brown caliche is a 
weak binding agent in places in the valley fill. 
In the alluvial veneer west of Mineral Park, 
mineralizing solutions have bound the debris 
together in a blanket that forms the Emerald 
Isle copper deposit. Isolated thin sheets of 
olivine basalt overlie and interfinger with the 
alluvium in the Sacramento Valley west of 
Chloride. 

The alluvium began to collect following the 
initial elevation of the Cerbat Range (probably 
late Tertiary). Large amounts of detritus ac- 
cumulated, continually stimulated by progres- 
sive lifting of the mountain block, and aggrada- 
tion in the adjoining basins continued into the 
Quaternary. Alluvial terraces indicate a late 


-| period of aggradation along the canyons within 


the range. In comparatively recent time a 
period of degradation was inaugurated, seem- 
ingly due to a regional eastward tilt, for re- 
juvenation effects are well shown in the can- 
yons draining the west slope of the range and 
in the adjoining Sacramento valley apron, 
whereas aggradation was only locally inter- 
rupted along the east side of the range. Ter- 
races within the mountains are 25-50 feet 
above present stream levels, and incised washes 
along the edge of the Sacramento valley are as 
much as 50 feet below the adjacent surface. 
The stripping of debris along the western base 
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of the mountains has exposed wide bedrock 
pediment areas, many of which contain veins. 
In other areas veins probably remain concealed. 

The older alluvial deposits can be correlated 
with the Temple Bar conglomerate, assigned to 
the Pleistocene by Lee (1908, p. 63-64). 


GEOLOGIC STRUCTURE 
General Features 


The Cerbat Range is a massive block com- 
posed mostly of crystalline schist, gneiss, and 
granite. Remnants of folds, however, indicate 
Precambrian orogenesis. 

Foliation is developed to varying degrees in 
all the plutonic and metamorphic rocks, and 
three joint systems cut all the rocks. 

Faulting that must have occurred in the 
Precambrian is difficult to detect. Mylonitic 
zones testify to movement by intense shearing, 
but the dislocations cannot be dated. Minor 
movement preceded or accompanied the injec- 
tion of some of the silicic and mafic dikes, and 
a period of faulting is evident in the formation 
of the numerous veins. Four distinct fracture 
periods occurred during mineralization, and 
strong post-mineral brecciation is visible in 
many veins. At least two and possibly four 
ages of normal faults are shown by remnants of 
Tertiary volcanic strata. Delineation and ele- 
vation of the Cerbat Range has occurred along 
the youngest of these faults. 


Archean Fold System 


An orogenic fold system must have once 
covered this region. Most of the folds have 
been obliterated by granitization and batho- 
lithic intrusion, but a few remnants exist. 

The largest fold, an anticline that occupies 
the western half of the Chloride district, is 
revealed by the disposition of the crystalline 
metamorphic and igneous rocks in steeply 
dipping, concordant, curved layers. This anti- 
cline strikes about NE. and plunges about 60° 
NE. The limbs dip outward at 70°-85°, form- 
ing a symmetrical fold. This fold guided the 
series of igneous intrusions which followed and 
now form the bulk of the rocks in the structure. 
During Precambrian time the core of the arch 
was occupied by coarsely porphyritic Diana 
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granite, and sheets of pegmatite were injected 
into the limbs. Later, possibly in the Tertiary, 
a sill of Ithaca Peak porphyry was introduced 
into the flanks of the anticline, forming an 
additional curved igneous layer. 

A smaller but well-defined anticlinal remnant 
is marked by the distribution of septa in the 
northwest side of the Ithaca Peak porphyry 
stock in the Mineral Park district. The axis 
seems to strike north-northeast and plunge 75° 
NE., but only the nose and northwest limb are 
preserved, and the axial position is difficult to 
fix. The fold is at least 2 miles wide, with the 
strata either vertical or steeply dipping out- 
ward. It guided the emplacement of the north- 
west portion of the Ithaca Peak porphyry 
stock, and planar-flow structure in the latter 
developed a mimetic anticlinal pattern. Iso- 
lated attitudes suggest that an asymmetrical, 
almost isoclinal, narrow syncline separates this 
anticline and the large one in the Chloride 
district. 

In the area including the southwest end of 
the Ithaca Peak porphyry stock and the north- 
west portion of the Cerbat district, an anticline 
is suggested by the configuration of the border 
of the stock and by the attitudes of foliation, 
both in the stock and in the rocks of the Cerbat 
complex. The structure trends northeast and 
plunges northeast. Minor anticlines and syn- 
clines seem to be present, and the entire struc- 
ture is slightly overturned to the southeast. 

A small anticlinal nose, visible only for a few 
hundred feet, is exposed in the canyon on the 
north side of Bull Mountain. This fold strikes 
north-northeast and plunges 12° NE. Another 
small anticline, observed in the ridge approxi- 
mately 1144 miles due east of the Stockton 
mine, strikes north-northeast and plunges 70° 
NE. 

Away from areas where distinct folds are 
present, the trend of the foliation averages N. 
40° E. Aside from vertical layers, about 80 per 
cent of the observed attitudes dip 75°-80° NW.; 
the balance dip steeply southeast. This implies 
the existence of formerly extensive isoclinal 
folds, the remnants of which are now over- 
turned 5°-15° to the southeast. This overturn- 
ing may be due in part to original compressive 
stress. However, at least some and possibly all 
of it results from eastward tilting of the moun- 
tains in Tertiary time. This tilting is also 
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responsible for some of the plunge of the 
anticline remnants. 

No true drag folds were observed, but 
ptygmatic folds are numerous. These seem to 
have formed under conditions of active major 
folding, for their axial planes are approximately 
parallel to the foliation of the enclosing rocks. 
As the foliation seems parallel to original bed- 
ding, a certain amount of inter-bed shearing 
must have helped to form the ptygmatic folds. 

A consistent feature is the northeast to north- 
northeast strike of the regional structure lines. 
Though batholithic intrusion and granitization 
destroyed much of the continuity, the trend 
was not disturbed. 


Foliation 

Cerbat complex.—Foliation in the Cerbat 
complex ranges from the excellent flow cleavage 
of biotite schist to faintly gneissic structure in 
granite. A few areas of massive granite exist, 
but they are minor. In the anticline remnants, 
foliation of the schists seems to parallel original 
bedding, for it wraps around the noses of the 
folds. The foliate structure possibly developed 
through a combination of mimetic recrystalliza- 
tion and flow parallel to the bedding, induced by 
intense hydrostatic and horizontally directed 
compressive stress and associated extreme tem- 
peratures of high-grade regional metamor- 
phism. The foliation of the layers of gneiss, 
which also parallels the original bedding, could 
either be due to primary planar flow, be in- 


herited from pre-existing schists by a process | 


of granitization, or be due to compression.? . ; 

intrusiot 

Whatever the cause, and more than one may | 

were fro 

have operated in any one place, the fold pat- | dh the k 


tern was followed faithfully. 

On the grounds of this conformity to struc- 
ture in the remnant anticlines, it is assumed 
that most of the foliation in the Cerbat com- 
plex, especially in the layers of schist, is essen- 
tially parallel to original bedding. On this 
assumption isoclinal folding is deduced in the 
areas where the foliation has a consistent N. 
40° E. strike and a steep dip to the northwest. 

Much of the gneiss shows effects of cata- 
clastic deformation, imposed after the consoli- 
dation of the rock and after or near the end of 
orogenic folding. Some of the gneissic foliation 
is due to this later stress. Transection of earlier 
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GEOLOGIC STRUCTURE 


foliation might be expected but was not ob- 
served. The continuing or revived compression 
must have been unchanged in direction and 
relieved so that younger foliation merely added 
to the intensity of older or was formed parallel 
to it. In plutons, such as the Diana granite, 
secondary foliation in the interiors of the masses 
has, in most places, a northeast strike and steep 
dip, parallel to the regional grain. 

Secondary lineation is present in the horn- 
blende schists. In the few observations made, 
the long axes of the hornblende crystals seemed 
to parallel the axes of associated folds. No 
attempt was made to apply methods of struc- 
tural petrology to the schists. Such a study 
would undoubtedly add much information on 
the tectonic history and on the nature of the 
deforming forces in Precambrian time. 

Ithaca Peak porphyry.—Primary planar flow 
structure is well developed in many places 
along the borders of the Ithaca Peak porphyry 
sill and stock. The flow structure parallels the 
contacts and is characteristically strongest 
immediately adjacent to the contacts. This 
parallelism is its diagnostic feature. Primary 
foliation is especially well shown between the 
anticlinal septa in the northwest portion of the 
Mineral Park stock. Border areas, however, 
may be massive or only slightly gneissic. 

Compressive forces, possibly contemporane- 
ous with and definitely outlasting consolidation 


_ of the Ithaca Peak porphyry, caused secondary 


foliation which differs in degree from place to 
place. It is best developed in the Chloride dis- 
trict sill. Local secondary foliation occurs in 


_ the Mineral Park stock, but the bulk of the 
' intrusion is massive. The compressive forces 
_ were from the northwest or southeast, for most 
_ of the foliation strikes about N. 50° E., and is 


vertical or has steep dips. This predominating 
trend is shown in Figure 2, a point diagram 
prepared in the manner outlined by Billings 
(1942). This technique, which utilizes the plot- 
ting methods of structural petrology, shows the 
poles of perpendiculars to surfaces such as 
folia, joints, and veins. Perpendicular surfaces 
are represented by points on the circumference 
of the plotting circle, and horizontal surfaces 
are represented by a point in the center. Both 


_ primary and secondary foliation have been 


plotted. This has not altered a dominant north- 
east strike, probably because the contacts of 
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the long western limb of the Chloride sill, as 
well as the contacts of the northwest part of 
the Mineral Park stock, have a northeast 
strike, and the primary foliation parallel to 


Ficure 2. ATTITUDES OF ITHACA PEAK PoRPHYRY 
FOLIATION SURFACES 


Point diagram showing poles of perpendiculars 
to 53 foliation surfaces in the Ithaca Peak porphyry. 
Plotted on upper hemisphere. Equal area projection. 
Dots represent surfaces in the Chloride district 
sill; small circles represent surfaces in the Mineral 
Park stock. 


these contacts provided a large portion of the 
total observations. 


. Joints 


Cerbat complex.—Several types of stress 
created the fracture systems in the Precam- 
brian. Horizontal compression is evidenced by 
the folding; strong hydrostatic pressure would 
be a factor in the high-grade regional meta- 
morphism; and thermal expansion and contrac- 
tion necessarily would be associated with the 
intrusion of the igneous rocks. Stresses of all 
later geologic periods also might develop frac- 
tures in these ancient rocks. 

The resulting joints are therefore complex 
but can be resolved into three trends, exhibited 
in both the early schists and in the later granite 
and gneiss. This leads to the conclusion that 
directional stress, having a uniform orientation 
both in the Precambrian and later, was the 
principal factor in the establishment of the 
joint pattern. In field observations the joints 
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were recorded as strong, moderate, or weak— 
“strong” if they seemed to extend beyond the 
area of observation and there were numerous 
parallel joints, “weak” if they seemed to be 


Ficure 3. AttitupEs oF “Stronc” JOINTS 
Point diagram showing poles of perpendiculars 
to 175 “strong” joints. Plotted on upper hemisphere. 
Equal area cn ge ed Dots represent joints in 
plex 


Cerbat com 


circles represent joints in 
Ithaca Peak porphyry. 


small and there were few parallel joints, 
“moderate” if between these extremes. In most 
places, moderate joints were recorded only 
where stronger joints were present for com- 
parison. The terms are relative, and the classi- 
fication of a joint can change with distance. 
However, correlation was obtained between 
directional trends and relative strength. The 
strongest joints strike about northwest and in 
general dip very steeply. This is demonstrated 
by the massing of points in the northeast and 
southwest quadrants of Figure 3. Joints with 
dips to the northeast are most numerous, but 
a set that dips to the southwest is noticeable. 
The moderate joints (Fig. 4) display less 
consistency in direction, but a northeast strike 
is favored. Steep southeast dips are most 
numerous, but a set that dips to the northwest 
is present. The weak joints are scarce and give 
a scattered point diagram (Fig. 5), but where 
three different joints occur together, field 
observations show a tendency for the weakest 
set to strike north. Dips are either east or west. 

The orientation of folding and foliation in- 
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Figure 4. AttirupES OF “MODERATE” Jornts 


Point diagram showing poles of perpendiculars 
to 136 “moderate” joints. Plotted on upper hemi- ¢ 
sphere. Equal area projection. Dots represent joints 
in Cerbat complex; small circles represent joints in 
Ithaca Peak porphyry. 


Ficure 5. ATTirupEs oF “WEAK” JoINTS 


Point diagram showing poles of perpendiculars to 
54 “weak” joints. Plotted on upper hemisphere. 
Equal area projection. Dots represent joints in 
Cerbat complex; small circles represent joints in 
Ithaca Peak porphyry. 


dicates that the compressive forces affecting the 
Precambrian rocks were oriented about north- 
west-southeast. Under such a stress, the theo- 
retical fracture planes that should develop in 
the rocks agree well with many of the observed | 
joints. Tension fractures should form parallel 

to the direction of compression, as represented 


by the 
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by the northwest-trending, strongest set of 
joints. Shear fractures should be directed north- 
east and north, as are many of the moderate 
and weak joints. The wide variations in atti- 
tude in the moderate and weak joints empha- 
size the actual complexity of stress and strain 
conditions, but the uniformity of the strong 
joints suggests that they did originate as tension 
fractures due to compressional deformation. 

The joint pattern was of major importance in 
later geological events. The fractures served as 
avenues of injection for numerous silicic and 
mafic dikes and were a prime factor in deter- 
mining the location and orientation of the 
quartz-sulfide veins. 

Ithaca Peak porphyry.—Joints in the Ithaca 
Peak porphyry sill and stock follow the same 
trends as those that cut the Cerbat complex 
(Figs. 3, 4, 5). Some of the joints must be ge- 
netically related to the intrusion and solidifica- 


| tion of the magma. However, northwest-south- 


east compression, similar to the Precambrian 
forces, established secondary foliation and is be- 
lieved responsible for most of the joints. 


Faults 


General statement.—The oldest recognizable 
faulting has left zones of mylonite in the Cerbat 
complex. The mylonite zones have been as- 


_ signed a Precambrian age, which may or may 


— 


not be valid. They represent localized intense 
shearing parallel to the northeast structural 
trend of the Cerbat complex. 

Beginning with the intrusion of the Ithaca 
Peak porphyry, several ages of faulting are 
evident. Minor dislocations accompanied the 


_ periods of injection of granite porphyry dikes, 


_ lamprophyres, and rhyolite and andesite dikes. 


The maximum displacement for any of thes 
was observed in the ridge northeast of the North 
Georgia mine. Here a vogesite dike offsets a 
diabase dike 100 feet horizontally. Dike injec- 
tion and associated faulting followed the already 
established jointing trends in the Cerbat com- 
plex and the Ithaca Peak porphyry. 
Mineralized faults.—The most obvious faults 
are those along which veins have formed. De- 
tailed mapping in the Chloride district has re- 


J vealed a large number of veins (Thomas, 1949, 
» Fig. 2). Most occur in the eastern half of the 


district, where the veins in general strike north- 
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west. The vein system is continuous to the south 
through the Mineral Park, Stockton Hill, and 
Cerbat districts and is fundamentally un- 
changed in pattern, as more than 80 per cent 
of the observed veins strike west-northwest or 
northwest. In the central part of the Chloride 
district the veins trend north, parallel with the 
intrusive contacts of the eastern limb of the 
Ithaca Peak porphyry sill. In the western part 
the veins are less numerous and have no uni- 
form trend. An east-west orientation is char- 
acteristic in the center of the Diana granite. 
Some of the veins intersect, and many are 
joined along the strike. Vertical to steep dips 
characterize most of the veins. Northeast dips 
are most numerous, but there are many south- 
west dips. In the steeper veins reversals of dip 
are not uncommon. 

Striations in the vein walls indicate that 
displacement has almost invariably been ob- 
lique. The prevalent slickensided surfaces, large 
amounts of gouge, and rolled and crushed frag- 
ments of wall rock show that shearing stress 
must have been important. Most are believed to 
be normal faults, though some seem definitely 
reverse. In steeply dipping oblique-slip faults 
the distinction between normal and reverse 
movement has little significance, as a change in 
dip of a few degrees can easily result in a change 
in classification. 

It is impossible to determine the amount of 
movement in most places. A few mineralized 
faults offset dikes of pegmatite and lampro- 
phyre, however, and a horizontal displacement 
of 120 feet was measured along a vein that 
offsets a lamprophyre in the northwest corner 
of Sec. 33, T. 23 N., R. 18 W. Vertical move- 
ment could not be determined. 

Five periods of activity are reflected in the 
mineralized faults. The first opened the fissures 
and gave access to mineralizing solutions. Three 
intramineral fracture periods followed, then 
strong post-mineral fracturing. 

The mineralized faults postdate Tertiary (?) 
rhyolite and andesite dikes. 

Transverse faults-—Steeply dipping, intra- 
mineral cross faults cut some of the veins and 
produced small offsets: In the Tennessee- 
Schuylkill mine, a fault striking N. 50° E. and 
dipping 55°-60° N. has offset the main vein a 
maximum of 30 feet horizontally. 

A large post-mineral transverse fault cuts 
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several veins in the eastern part of the Chloride 
district. It strikes N. 55° E., is essentially 
vertical, and can be traced for three-quarters 
of a mile. The north end of the Payroll vein is 
terminated against this fault. The North 
Georgia vein, on the opposite side of the fault, 
is similar in size and appearance and seems to 
be a continuation of the Payroll vein. This in- 
dicates a left-lateral offset of about 500 feet. 
The fault surface is exposed on the north side of 
the wash, a quarter of a mile southwest of the 
Payroll mine shaft. In the fault exposure a 1- 
foot width of unmineralized gouge and breccia 
occurs. 

Normal faults—Evidence of normal faulting 
is common where remnants of volcanic strata 
occur (Fig. 6). Four periods of faulting have 
been inferred from the relations of volcanic ex- 
posures. The earliest took place within the 
period of extrusion of the Bull Mountain an- 
desitic series. The rhyolite which lies discon- 
formably upon the Bull Mountain series 
suggests a post-Bull Mountain series stage, and 
the tilting of rhyolitic strata along the west 
side of the range reflects a post-Kingman series 
stage. A late stage is shown by the breaking and 
tilting of the Big Wash andesite. Only relative 
ages can be assigned to the faulting, and the 
two middle periods may be questioned. Pos- 
sibly these periods correspond to the four 
periods of basin-range faulting established by 
Sharp (1939, p. 902) in the Ruby-East Hum- 
boldt range of northeastern Nevada and by 
Ferguson and Cathcart (1924) in the Haw- 
thorne and Tonopah quadrangles of western 
Nevada. 

The volcanic rocks in the Chloride quad- 
rangle are most abundant along the east side of 
the range. Therefore most of the observed 
faults occur on that side, since the faults are 
visible only within the volcanics. They un- 
doubtedly continue within the basement rocks, 
and similar faults probably exist outside the 
volcanic areas. Most of the faults strike north- 
northwest in echelon. The others trend north- 
east in echelon. The faults are steeply dipping, 
and dislocation seems to have been dip-slip. 
Total displacement could not be determined, 
but in many of the faults it probably was not 
more than a few hundred feet. The fault that 
passes just west of the volcanic-capped mesas 
north of Vock Wash, however, has displaced the 


volcanic cap rock a minimum of 700 feet 
vertically. The alignment of unusually straight 
canyons and ridge slopes, north and south of 
Vock Wash, suggests a length of 10 miles for 
this fault. It passes just west of the Neal ranch 
buildings and is here termed the Neal ranch 
fault. It possibly continues and bounds the 
west side of the lava-capped mesa which is 
north of Neal ranch and outside the border of 
the quadrangle. Most of the faults along the 
east side of the range, including the Neal ranch 
fault, are believed to be post-volcanic. 

The Sacramento fault, west of the Chloride 
district, is also revealed by the displacement of 
a series of volcanic strata. It strikes N. 48° W. 
and dips approximately 60° S. From the point 
where it disappears beneath alluvium southwest 
of the district, it was mapped to the northwest 
for 214 miles. The fault continues an unknown 
distance beyond the area mapped. In Figure 6 
the line of faulting is continued to the south by 
a dotted line. The position of this line was 
located just west of the pediment area along 
the front of the range. Faulting cannot be 
proved along this line, but the continuation of 
the Sacramento fault, or the existence of similar 
normal faults, is suggested by the truncation 
at the mountain front of the internal structure 
of the range. The lack of outlying ridges and 


buttes further suggests that the faulting oc- | 


curred along a single line or narrow zone, in 
contrast to the echelon pattern along the east 
side of the rangé. 

The amount of displacement along the Sacra- 


mento fault cannot be determined accurately. [ 


A calculation of possible movement was made 
by using a 300-foot horizontal offset of the con- 


tact between the Ithaca Peak porphyry and 


the Cerbat complex. By neglecting any effects 
of auxiliary-faulting and assuming only dip- 
slip motion, a net vertical displacement of 
3165 feet and a net horizontal separation of 
1830 feet were obtained. That this may be ap- 
proximately correct is indicated by the average 
relief of 3000 feet in the northern part of the 
Cerbat Range. 

Though the total displacement along the 
Sacramento fault must have taken place by 
intermittent movement, it seems to be one of 


the youngest geologic features in the region, for | 


it was not in existence during the outpouring of 
Tertiary lavas. On the basis of the assumed 
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et! Tertiary age of the rhyolites and andesites, the faulting in the Great Basin seems to have been 
: faulting probably started in late Tertiary and latest Tertiary and Quaternary”. Evidence of 

R17W 
ch 
ch 
is 
of \ 
1 
Nea AC. 
Sacramento 
of \ 
it \ 
st Crest Iii 
st Cerbat Range u\D 
\ 
m \ \ 
T23N \ 
\ \ 
AS \ 
ig \ 
\ D 
of pw 
ar 
4 
D, 
re \ 
d \ 
| \ 
T22N \ 
st \ 
D 
Ww, DY vp 
2 4 
3 Miles 
. FicurE 6. TREND AND DISTRIBUTION OF NORMAL FAULTS IN THE CHLORIDE QUADRANGLE 
of Inferred faults shown by dashed lines 
of 
)-} possibly extended into Quaternary time. Even _ block faulting in the Cerbat Range is in accord 
e| late Quaternary activity is suggested by the with this generalization. 
| eastward tilting and rejuvenation of the moun- Auxiliary faults —Two auxiliary faults, pre- 
tain block, which has caused the development of sumably vertical, cut the hanging-wall block of 
e| Recent gravel terraces. The most logical cause the Sacramento fault and join the Sacramento 
y} of such tilting would be vertical displacement fault at angles of about 65°. They bound a 
f along the Sacramento or other faults on the segment of the Kingman rhyolite series and 


| West side of the range. R. P. Sharp (1939, p. 
' 905), summarizing studies of basin-range struc- 
ture, states that “the period of maximum block 


indicate breaking and differential movement of 
the hanging-wall block. The segment of rhyo- 
litic strata has been dropped down relative to 
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either side and is bounded on three sides by 
Ithaca Peak porphyry. 

Relative downdropping between vertical 
auxiliary faults has also preserved narrow strips 
of basalt along the footwall side of the normal 
fault southeast of Neal ranch. No measurement 
of displacement was possible on any of these 
auxiliary faults. 

Emerald Isle fault—Evidence of late normal 
faulting exists at the Emerald Isle mine in 
the Sacramento valley west of Mineral Park. 
Here both the bedrock pediment and the over- 
lying blanket of alluvium have been faulted, 
and the fissure has been mineralized by copper- 
bearing solutions. The fault strikes N. 30° E. 
and dips between vertical and 45° N. The fissure 
vein in the gravels is as much as 12 feet wide 
and has distinct walls. The amount of displace- 
ment was not determined, but the occurrence 
of bedrock in the footwall, next to gravel in 
the hanging wall, indicates a normal fault. 

Fault-block form of the Cerbat Range——The 
delineation and uplift of the present mountains 
has been a consequence of large normal-fault 
activity. Maximum dislocation occurred along 
the west side of the range, resulting in an east- 
ward-tilted block. In the northern half of the 
quadrangle, however, between the Sacramento 
and Neal ranch faults, the range is an eastward- 
tilted horst. The structural grain of the base- 
ment rocks, which trends northeast, is truncated 
almost at right angles by these normal faults. 
Differential vertical stresses must have been of 
major importance, in contrast to the compres- 
sive forces that characterized the earlier history 
of the region. 


Grotocic HistoRY AFTER PRECAMBRIAN 
TIME 


Following the Precambrian, a large gap oc- 
curs in the geologic record. Several thousand 
feet of Cambrian, Mississippian, and Pennsyl- 
vanian sediments overlie the basement crystal- 
line complex in the Grand Wash Cliffs, only 
12-15 miles east of the Chloride quadrangle. 
In the Cerbat Range similar strata are lacking. 
With large thicknesses of Paleozoic rocks so 
close at hand, their former extension over the 
Cerbat complex would be expected. They might 
have been much thinner, though, as the 
Chloride quadrangle is on the northeast edge 
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of Schuchert’s (1910) “Ensenada”, a Paleozoic 
land area or positive element. If Paleozoic sedi- 
ments were present, removal has been thorough. 
Schrader (1909, p. 30) mentions limestone from 
a well northwest of Kingman which he thought 
might be Paleozoic. Nothing similar has since 
been recorded. 

No features can be related definitely to the 
Mesozoic. If the region received Mesozoic sedi- 
ments they have been removed. The Laramide 
revolution is reflected in the Muddy and Virgin 
mountains, in the region north of the Chloride 
quadrangle (Longwell, 1928, p. 126). It may 
have affected the Chloride quadrangle, and 
features such as secondary foliation and mylo- 
nitic zones in the Cerbat complex might be due 
to late Cretaceous or early Tertiary compressive 
forces. Furthermore, the Diana granite could 


be of Laramide age. It is felt that these features | 
fit better into the Precambrian sequence, and 


they have been so classed, but the classification | 
is arbitrary. There is nothing, aside from al- 
luvium and its associated sheets of olivine 
basalt, that can be dated with any degree of 
assurance. Specific ages can be assigned only 
with a question mark. 

In the Tertiary (?), the Ithaca Peak granite 
porphyry intruded the Chloride and Mineral 
Park districts, guided by pre-existing structure 
and accompanied by the profuse injection of 


granite porphyry dikes, especially in the’ 
Chloride district. Northwest-southeast com-_ 
pressive forces, in operation possibly during | 
and definitely after emplacement and consolida- 
tion of the granite porphyry, produced differ-| 
ent degrees of secondary foliation in the in-| 
trusions. 

Minor amounts of pegmatite and aplite are’ 
associated with the Ithaca Peak porphyry, and} 
lamprophyre dikes are numerous. It is common | 
for all the dikes, including the granite porphyry 
dikes, to occur in composite bodies. Many old 
fracture lines, previously invaded by pegmatite 
and diabase, were successively reopened to 
granite porphyry and lamprophyres, and in 
some places to rhyolite and to vein-forming 
solutions. 

This entire region probably once was covered 
by a great thickness of pyroclastic volcanic 
debris and lava flows of Tertiary (?) age. 
Andesitic flows, tuffs, and breccias of the Bull 
Mountain series represent the first stage of 
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volcanism. A period of normal faulting and 
erosion occurred between the eruption of the 
lower and upper beds, and erosion and probable 
normal faulting followed the accumulation of 
the series. Succeeding volcanism came from 
silicic magma, and the Kingman series of 
thyolite flows, tuffs, and breccias was deposited 
disconformably upon the lower andesites. Tilt- 
ing of the rhyolites, probably due to faulting, 
and truncation by erosion took place on the 
west side of the range but is not indicated on 
the east side. A later eruption unconformably 
capped the Kingman rhyolite with the Big 
Wash andesite, to end the general period of 
volcanism. Numerous rhyolite and a few 
andesite dikes of Tertiary (?) age cut the base- 
ment rocks. 

Sulfide mineralization postdated the injection 
of the rhyolite and andesite dikes. The first 


‘ period of mineralization was localized almost 
entirely within the Mineral Park stock of 


Ithaca Peak porphyry. A large part of the 
stock was broken into closely spaced fractures 
which were utilized by hydrothermal mineral 
solutions. The result was a low-grade, dis- 
seminated sulfide deposit. 

After an unknown interval a second and 
more extensive period of mineralization oc- 
curred. The solutions followed fissures, mostly 
localized along northwest-trending old fractures. 


| The result was a system of quartz veins that 


_ contain sulfide ore minerals. Veins of this period 


Ja- 


"| 


cut across the disseminated sulfide deposit and 


| are the only ore deposits of the Chloride, 
,.| Cerbat, and Stockton Hill districts. 


After the conclusion of volcanic activity, 
presumably in the late Tertiary, the present 


sre | mountains began to form. TheSacramento 


nd | 
on | 
ty 
old 


normal fault, or fault system, was formed, and 
the east side of the fault was progressively 
elevated relative to the west side. A total 
vertical displacement of several thousand feet 
was eventually reached. The rising mountain 
block was also tilted so that it sloped 5°-10° E. 
Contemporaneous with activity along the 
Sacramento fault, normal faults in echelon, 
most of them striking northwest, disrupted the 
rocks along the east side of the block. Vertical 
displacements were not as large as on the 
Sacramento fault, but the Neal ranch fault had 
significant dip-slip movement and established a 
tilted horst structure for part of the mountains. 
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Large quantities of erosional debris were shed 
from the rising block, and a broad pediment 
was cut along the base of the range. At a late 
stage, alluvium had begun to choke the canyons 
draining the mountains. The western side of 
the block was then elevated once again, and 
the streams are now downcutting, having left 
terraces up to 50 feet above their present 
grades. This rejuvenation is believed to stem 
from late Quaternary movement along the 
Sacramento or related faults. 

In late Quaternary time, after the bulk of 
the alluvial fill had accumulated in the Sacra- 
mento valley, and after cutting of the pediment, 
another period of mineralization occurred. 
Mineralizing solutions ascended along a north- 
east-striking normal fault fissure, which ex- 
tended out of bedrock into alluvium at the site 
of the present Emerald Isle mine. Chrysocolla 
and other copper silicate minerals were de- 
posited both in the fault fissure and in the sur- 
rounding alluvium. This mineralization must 
be later than the main period of active move- 
ment along the faults bounding the range. It, 
may be earlier than the last rejuvenation 
however. 

The last geological event, apparently of 
Recent age, was the extrusion of sheets of 
olivine basalt. These overlie and interfinger 
with alluvium, and in one place basalt seems 
to lie across the Sacramento fault. 
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SILICEOUS SEDIMENTS OF OUACHITA FACIES IN OKLAHOMA 


By Aucust GOLDSTEIN, Jk. AND Tuomas A. HENDRICKS 


ABSTRACT 


Certain sedimentary rocks cropping out in the Ouachita Mountains of southeastern Oklahoma and 
western Arkansas are unusual in that they contain large amounts of silica disseminated through a rela- 
tively thick series of beds which are laterally continuous over large areas. They range in age from Ordo- 
vician to Pennsylvanian and may be divided into (1) sedimentary rocks of the main anticlinorium of the 
Ouachita Mountains in southeastern Oklahoma and southwestern Arkansas, and (2) sedimentary rocks 
exposed in the fault blocks lying between the central Ouachita Mountains and the Arbuckle Mountains 
and McAlester Basin. The former group consists largely of chert and siliceous shale of typical geosynclinal 
j facies; the latter group consists largely of chert and siliceous limestone intermediate in lithology and fabric 
between rocks of geosynclinal facies and those of foreland facies exposed near by in the Arbuckle 
Mountains. 


The siliceous sedimentary rocks of typical geosynclinal facies comprise the Bigfork chert (Ordovician) ; 
the Arkansas novaculite (Devonian-Mississippian); the siliceous shales of the Stanley (Mississippian), 
Jackfork (Pennsylvanian), and Atoka (Pennsylvanian) formations; and the Hatton tuff lentil (Mississip- 

| pian). Siliceous sedimentary rocks of atypical geosynclinal facies exposed in the fault blocks are the Pine- 
top chert (Devonian), the Woodford chert (Devonian ?), and the Chickachoc chert (Pennsylvanian). 

Although there are conspicuous lithologic differences between these siliceous sedimentary rocks of Oua- 
chita facies, it is considered that most of the silica was supplied by extrusive vulcanism and submarine 
weathering of volcanic ash. Furthermore, all the siliceous sediments apparently were deposited when rela- 
tively little clastic material was being supplied to the “Ouachita geosyncline”. Subsequent to their deposi- 
tion, the siliceous sediments have been modified by epigenetic redistribution of part of their silica, result- 
ing partly from metamorphism accompanying the Ouachita orogeny and partly from surface exposure. 
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INTRODUCTION 
General Statement 


Certain sedimentary rocks of the Ouachita 
Mountains in southeastern Oklahoma and 
western Arkansas are very unusual in that they 
contain a large amount of silica disseminated 
through a thick and relatively continuous series 
of beds. Such a thick section of highly siliceous 
sedimentary rocks ranging in age from Ordo- 
vician to Pennsylvanian and extending over a 
large area are of scientific importance as well 
as a major element in the geology of the Mid- 
Continent region. Siliceous sedimentary rocks 
of Ouachita facies consist of unusual rock types 
such as radiolarian chert, spiculitic chert, 
sapropelic chert, novaculite, and siliceous shale. 
A number of detailed geologic investigations 
and a considerable volume of geologic literature 
has been devoted to them, yet the question of 
their origin is not yet settled. Except for 
Honess’ (1923) investigations in McCurtain 
County, Oklahoma, petrographic studies of 
the sedimentary rocks of the Ouachita Moun- 
tains of Oklahoma have been scanty and 
superficial. The most detailed geologic mapping 
in the western part of the Ouachita Mountains 
of Oklahoma is that of Hendricks et al. (1947), 
yet the petrography of the sedimentary rocks 
of this area has not been described. 

The primary purpose of this paper is to 
present an integrated petrographic study of 
the siliceous sediments of the Ouachita Moun- 
tains of Oklahoma. Sedimentary rocks of pre- 
Stanley (Mississippian) age outcrop at three 
places in the Ouachita Mountains of Okla- 
homa (Fig. 1): (1) Black Knob Ridge, Atoka 
County, Oklahoma, (2) The Potato Hills, 
Latimer and Pushmataha counties, Oklahoma, 
and (3) McCurtain County, Oklahoma. Petro- 
graphic descriptions of the siliceous sedimen- 
tary rocks from Black Knob Ridge are empha- 


FicurE Map oF SOUTHEASTERN 
OKLAHOMA SHOWING LOCATION OF AREAS 
DiscussED IN TEXT 

(1) Black Knob Ridge; (2) Potato Hills; (3) 
McCurtain County. Stippled areas are those in 
which pre-Stanley (Mississippian) sediments are 
exposed. Adapted. from Hendricks, Knechtel, and 
Bridge (1937). 


sized here; the other two areas are discussed 
in less detail. 

The sediments discussed herein (Table 1) 
include the Bigfork chert (Ordovician), the) 
Pinetop chert (Devonian), the Woodford chert 
(restricted) (Late Devonian or Early Missis- } 
sippian), the Arkansas novaculite (Devonian 
and Mississippian), the Hatton tuff lentil of 
the Stanley shale (Mississippian), and the 
siliceous shales of the Stanley (Mississippian), 
Jackfork (Pennsylvanian), and Atoka (Penn- 
sylvanian) formations. Siliceous shales in the 
Missouri Mountain shale (Silurian) are identi- 
cal to the siliceous shales of the upper part of 
the Arkansas novaculite at Black Knob Ridge 
and are not discussed separately. 


Location of Samples 


Most of the samples studied were obtained 
from the vicinity of Black Knob Ridge, Okla- 
homa. Less extensive collections were made in | 
the Potato Hills, Oklahoma, and in McCurtain 
County, Oklahoma. A few samples of the, 
Arkansas novaculite and Hatton tuff Jentil| 
were collected in western Arkansas. ' 
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THICK- 
FORMATION |COLUMNAR) 


Mojor 


CHARACTER OF ROCKS 


SECTION | (reer) 


i Unconformaty 

SANDSTONE, SANDY SHALE AND SHALE OF 
3 ATOKA VARIABLE CHARACTER 
2 
z 
H 
> SACHPORK SANDSTONE , MASSIVE, MEDIUM TO FINE-GRAINED 
= INTERBEDDED WITH GRAY TO GREEN SHALE 
Es STANLEY SHALE, DARK-COLORED, INTERBEDDED WITH GRAY 
a : FINE- GRAINED ARGILLACEOUS SANDSTONE. 
a — SEVERAL BEDS OF VOLCANIC ASH NEAR BASE 
|HATTON TUFF |= 
LENTIL 
= SANDSTONE, HARD, QUARTZITIC) CONGLOMERATIC AT 


zi 
tROPS’ OUT ONLY IN ARKANSAS. 


ARKANSAS 
NOVACULITE 


DE VONIAN- 
MISS. 


250- | NOVACULITE: MIOOLE MEMBER BLACK Witt) INTERBEDDED BLACK SHALE 


ER MEMBER - CALCAREOUS, WHITE, MANGANIFEROUS 
LOWER MEMBER - WHITE, MASSIVE 


MISSOURI MT. | 
Uncontormity 


=| O- 300} SHALE AND SLATE, RED, GREEN AND BLACK, FISSILE 


BLAYLOCK 


SILURIAN 


1500 FISSI 


o- ones. GRAY TO GREEN AND DARK 
QUARTZ AT PLACES 


SHALE ns OF SMOKY 


SHALE, BLACK, GRAPHITIC, CONTAINS GRAPTOLITES 


CHERT, HARD, GRAY TO BLACK, BLACK SHALE ANI 
DARK - COLORED, FOSSILIFEROUS, CHERTY Eime STONE 


SHALE, BLACK TO GREEN, WITH THIN LAYERS oF 
LIMESTONE. AND ARGILLACEOUS SANDSTONE 
CHLORITIC SANDSTONE IN Mc GURTAIN CO., OKLA 


PREDOMINANTLY SCHISTOSE MIcACEOUS, 


ORDOVICIAN 


BLAKELY AND 


QUARTZITIGC SOME CALCAREOUS SANDSTONE 
OR: AMOUNTS OF BLACK AND GREEN 
SMOKY. QUARTZ VEINS AT PLACES. 


CLAY SHALE 


SHALE, BLACK AND GREEN, BANDED. THIN LAYERS 
OF GRAY SANDSTONE AND IN SOME AREAS, THIN 
LENSES OF BLUISH- BLACK LIMESTONE 


CRYSTAL 
MOUNTAIN 


QUA 


SANDSTONE MASSIVE , LIGHT-GRAY, CALCAREOUS TO 
CHERT CONG LOME ERATE AT BASE IN 
MCCURTAIN COUNTY. IN SOME A 
QUARTZ VEINS AND CRYSTALS. 


REAS CONTAINS MANY 


COLLIER 


CAMBRIAN 


SHALE, BLACK, GRAPHITIC AND DARK-COLORED SILICEOUS 
LIMESTONE. ‘SOME DENSE BLACK CHERT IN ARKANSAS. 


FiGurRE 2.—GENERALIZED COLUMNAR SECTION OF SEDIMENTS OF OUACHITA FACIES 
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used is based on field lithology. Both thicknesses and lithology are typical of McCurtain, 


County, Oklahoma and western Arkansas. Adapted from columnar sections of Honess (1923) and Shreve-| 


port Geological Society 1948 Guidebook. 
General Structural Setting 


The Ouachita Mountains of southeastern 
Oklahoma and western Arkansas have an 
area of about 12,000 square miles, of which 
slightly more than half is in Arkansas. The 
area is one of complex structure and stratig- 
raphy. At least four major thrust faults are 


present in the Ouachita Mountains of Okla- 
homa. Each major fault block has been broken 
by numerous small high-angle reverse faults 
and by less numerous tear faults and normal 
faults. A sequence of sedimentary rocks rang- 
ing from Cambrian to Pennsylvanian is er 
posed (Fig. 2); the thicknesses and lithology 
are typical of the central anticlinorium of the 
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Quachita Mountains in western Arkansas and 
southeastern Oklahoma. 


Discussion of Term “Ouachita Facies” 


| The term “Ouachita facies” is used widely 
by geologists in describing certain Paleozoic 
| sediments of the Midcontinent Region. To 
many geologists the term is synonymous with 
“seosynclinal” facies, as opposed to “foreland” 
or “Arbuckle facies”. However, most of the 
Early Paleozoic formations of the Ouachita 
Mountains were deposited between the fore- 
land and the axis of active geosynclinal down- 
warping, are not unusually thick, and lack some 
of the characteristics usually associated with 
sediments of “geosynclinal” facies. Conse- 
quently, it is here proposed to define sediments 
of Ouachita facies as those lithologically similar 
and stratigraphically equivalent to sediments 
exposed in the Ouachita Mountains of Okla- 
homa and Arkansas. 


Method of Presentation 


This paper is divided into three main sec- 
tions concerning: (1) the stratigraphy and 
petrography of the siliceous sediments of the 
central Ouachita Mountains; (2) the stratig- 
raphy and petrography of the siliceous sedi- 
ments of the faulted zone between the Mc- 
Alester Basin and the central Ouachita Moun- 
tains; (3) the origin of the major units of 
siliceous sedimentary rocks of the central 
Ouachita Mountains. 

Most of the information on stratigraphy was 
obtained from published articles by Miser 
| (1917), Miser and Purdue (1929), Honess 
(1923), Harlton (1938), and Hendricks and 
various collaborators (1937; 1947). 
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BicGFoRK CHERT (ORDOVICIAN) 
General Statement 


The Bigfork chert of Ordovician age, the old- 
est siliceous sedimentary rock of the Ouachita 
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Mountains, crops out at Black Knob Ridge, 
in the Potato Hills, and in McCurtain County, 
Oklahoma. In general the Potato Hills section 
is similar to that at Black Knob Ridge and will 
not be discussed separately. 


Black Knob Ridge 


Stratigraphy —A brief but comprehensive 
summary of the stratigraphy of the Bigfork 
chert at Black Knob Ridge has been published 
by Hendricks et al. (1947, sheet 1). They state: 


“The Bigfork chert overlies the Womble shale 
with an apparently conformable contact, and in 
some exposures the contact appears to be grada- 
tional. The formation is consistently about 600 feet 
thick, and may be divided into two parts on the 
basis of lithology. The parts are not of member 
rank, because as one thickens the other thins; the 
entire formation maintains a uniform thickness, 
thus indicating that the line of division between 
the two occurs at different stratigraphic positions 
in different sections. The lower part is 410 to 510 
feet thick and is characterized by light-gray to 
light-brown chert in beds mostly 2 to 4 inches thick, 
although some are as much as a foot thick. Gray 
limestone forms beds, stringers, and lenses in the 
chert and locally constitutes about one-fifth of the 
lower part of the formation. The limestone for the 
most part is finely crystalline, but a few thin beds 
in each well-exposed section are coarsely crystalline. 
The upper part of the formation, 100 to 190 feet 
thick, consists of chert in beds ranging from 1 inch 
to 2 feet thick in which beds of black paper shale 
as much as 2 feet thick are intercalated. The chert 
in this zone is finely laminated parallel with the 
bedding and is very dark brown to drab. 

The fauna of the Bigfork is composed of grapto- 
lites, small brachiopods, trilobites, conodonts, spic- 
ules of various sorts, and small bodies which may be 
radiolarians. The graptolites occur at several hori- 
zons throughout the formation, and for the most 

art they are conspecific with those found in the 
iola limestone of the Arbuckle region. They are 
of Trenton age...” 


Petrography.—Three types of siliceous sedi- 
mentary rocks’ predominate in the lower part 
of the Bigfork chert at Black Knob Ridge: 
(1) bedded cherty shales (Pl. 1, fig. 1), (2) si- 
liceous limestone and _ limestone-replacement 
chert (Pl. 1, figs. 2, 3), and (3) nodular and 
concentric chert. The bedded cherty shales 
are black, brown, and gray. In many places 
they are irregularly laminated, wavy bedded, 
color-banded, pyritiferous, and  sapropelic. 
Many of the rocks contain relict carbonate 
rhombs. Most of the cherty shales are fractured 
and veined with quartz and/or calcite. In some 
specimens, the “argillaceous” impurities are 
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finely divided organic matter rather than clay 
minerals. Cryptocrystalline silica predominates 
in the light-colored layers, whereas the silica in 
the dark sapropelic layers is more nearly iso- 
tropic. The change from light to dark laminae is 
very abrupt in some specimens and is conspicu- 
ous even in hand specimens. Spores (?), poorly 
preserved Radiolaria, and a few sponge spicules 
are the most abundant fossils in the lower 
bedded cherty shales (Pl. 1, fig. 1). These 
bedded cherty shales were probably predomi- 
nantly siliceous from their time of deposition, 
although the relict carbonate rhombs indicate 
that some carbonate was present originally. 
The second major lithologic type in the lower 
unit of the Bigfork chert is siliceous limestone. 
There is a complete series ranging from nearly 
pure limestone (Pl. 1, fig. 2) through siliceous 
limestone to limestone-replacement chert in 
which only traces of carbonate remain (PI. 1, 
fig. 3). The limestones range in particle size 
from medium crystalline to sublithographic. 
Dolomite, where present, is in small euhedral 
to subhedral rhombs. The silica in the siliceous 
limestones is mostly cryptocrystalline, but 


there is some chalcedonic silica. Small amounts 
of clay minerals and pyrite are present in many 
specimens. Sponge spicules, ostracod carapaces, 
and graptolite fragments are abundant in many 
of these limestones; crinoid columnals and frag- 
mentary fossils of other types are less common. 
Most of the sponge spicules are partially silici- 
fied calcareous sponge spicules, but some appear 
to have been siliceous originally. 

The nodular chert and concentric chert con- 
sist of very siliceous, very finely crystalline to 
sublithographic limestone and _ light-colored 
calcareous chert. These cherts consist of appar- 
ently random mosaics of light-yellow “iso- 
tropic” chert, subhedral to euhedral carbonate 
rhombs, and segments of calcareous to partially 


BULL 


silicified sponge spicules. Small amounts of 
brownish sapropelic matter, pyrite, and chitin- 


veinlets occur in some specimens. The chert | Be 


ous (?) fragments of fossils are present. Quartz | 


and shale of the relatively thin upper unit of | 
the Bigfork at Black Knob Ridge strongly 
suggest deposition under reducing conditions | 
in stagnant water unfavorable to the existence 
of most bottom-dwelling organisms (euxinic 


Pirate 1. PHOTOMICROGRAPHS 


Ficure 1. Cotor-BANDED BicrorK CHERTY SHALE, BLACK KNnoB RIDGE 

Thinly laminated, color-banded, sapropelic cherty shale. The division between the dark-colored sapro- 
pelic layers containing “isotropic” silica and the light-colored layers with cryptocrystalline silica is sharply 
defined. The specimen contains scattered carbonate rhombs and is cut by a network of veinlets, some of 
which contain carbonate. Thin Section BF-215, plane light, X 6.3. 

Ficure 2. OstrRacopAL Bicrork LimesTONE, BLack KNoB RMGE 

Slightly siliceous, medium crystalline, ostracodal limestone. There is a strong development of twinning 
and gliding lines in the calcite crystals. At a few places the rock is cut by veinlets of coarsely crystalline 
clear calcite. There are small amounts of pyrite and asphaltic (?) material. BF-242, plane light, X 65. 

FicurE 3. CALCAREOUS BiGroRK CHERT, BLack KNoB RIDGE 

Fractured and veined, calcareous, limestone-replacement chert. Veinlets and stringers of caicite are 
abundant. The dark-colored areas consist of an amorphous clay-silica mixture which is white under re- 
flected light. Ostracod carapaces, sponge spicules, and crinoid columnals are scattered through the rock; } 
some of them are pyritized. BF-13, plane light, < 5.5. 

Ficure 4. Cotor-BANDED CHALCEDONIC BIGFORK CHERT, BLACK KNoB RIDGE 

Color-banded chert from the upper unit of the Bigfork chert. This specimen consists of alternating layers 
of dark red-brown sapropelic chert, cryptocrystalline silica, and clear chalcedony. At places in the chalce- | 
donic layers there are mosaics of interlocked silt-size quartz. Fragmentary graptolites and poorly preserved 
radiolaria are abundant in the dark-colored layers. BF-260, crossed nicols, X 28. 

Ficure 5. Surry Cutoritic Grapuitic BicrorK CHERT, McCurtain County 

Silty graphitic chert. The clay minerals have been reconstituted into chlorite and sericite. The graphitic 
bands have been folded and offset by microfaults, thus giving the specimen a pseudo-brecciated appear- 
ance. BF-127, plane light, X 17. 

FicurE 6. CHLORITE ARGILLITE, BicGrorK CHERT, McCurtain County 

Siliceous chlorite argillite. Abundant thin streaks and aggregates of chlorite and sericite and small 
amounts of silt-size quartz are disseminated through a matrix of cryptocrystalline silica. BF-128, crossed _ 
nicols, X 65. 
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environment). No calcareous fossils and very 
little carbonate are present. The chert is dark 
red-brown, laminated, pyritiferous, and sapro- 


| pelic. It contains spores, Radiolaria, and sponge 


spicules. Veinlets or fissure fillings of black 


| asphaltic (?) material are noted in many speci- 


mens. Most slides cut perpendicular to the 
bedding show thin, irregular, curving, sub- 
parallel streaks of dark opaque carbonaceous 
and bituminous material and red-brown organic 
detritus in a matrix of “isotropic” silica, py- 
rite, and small amounts of clay minerals. These 
rocks are sharply color-banded at places. The 
contact between the dark and light layers is 
abrupt and is marked at most places by a 
change from “isotropic” silica to chalcedonic 
or cryptocrystalline silica (Pl. 1, fig. 4). 

The black shale irregularly interbedded with 
the sapropelic chert contains less silica and more 
organic matter and argillaceous material than 
the chert. 


McCurtain County, Oklahoma 


Stratigraphy.—The Bigfork chert in McCur- 
tain County, Oklahoma, has been described 
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by Honess (1923) as a series of uniformly 
bedded black cherts, coal-black shales, and 
black cherty limestones. It resembles closely 
the Bigfork chert in western Arkansas which 
has been described in considerable detail by 
Miser and Purdue (1929). They state (p. 37) 
that: 


“The formation,..., consists of chert inter- 
bedded with some shale and limestone. The chert is 
commonly in even-bedded layers having a thick- 
ness of 3 to 6 inches but at a few places thickening 
to 3 feet. It is very close textured and brittle and 
under the blows of a hammer flies into small pieces, 
most of which have an uneven but some a con- 
choidal fracture. Parts of it are finely laminated. 
It is black and dense when unweathered, but when 
weathered it ranges in color from slate to "dark gray, 
the slate color occurring at most places. Some of 
the chert is rather porous and has the appearance 
of gray, soft, fine-grained sandstone. In some parts 
small quantities of calcite and pyrite are dissemi- 
nated. Numerous joints, many of which are straight 
and have remarkably smooth glossy surfaces, form 
a network which cuts the layers in all directions. 
So numerous are the joints that it is difficult to 
obtain a hand specimen with fresh surfaces. In most 
parts the fractures along the joints are occupied by 
fine quartz veins containing a little calcite. The 
layers as a rule are greatly crumpled, and it prob- 
ably was the strain accompanying the crumpling 
that formed the network of joints. 


2. PHOTOMICROGRAPHS 


Ficure 1. Sprcunire CHErT, ARKANSAS NOVACULITE, BLack KnosB 
Fractured and veined spiculite chert from the lower member. It consists of sponge spicules of many 
| different sizes and shapes embedded in a siliceous matrix. The matrix in this specimen consists of ‘‘iso- 
tropic” silica which is brown in transmitted light and white in reflected light, but at places the silica is 
cryptocrystalline. Locally, the spicules may be recrystallized and their outlines are poorly defined. AN-10, 
plane light, X 69. 
FicurE 2. BRECCIATED ARKANSAS NovACULITE, Potato HILts 

Brecciated Arkansas novaculite from the lower middle member. It consists of light brown “isotropic” 
chert which has been brecciated and re-cemented with vein quartz and cryptocrystalline silica. AN-275, 
crossed nicols, X 28. 

FicurE 3. SPORE-BEARING SAPROPELIC CHERT, ARKANSAS NOVACULITE, BLACK KNoB RIDGE 


Chalcedonic, pyritiferous, spore-bearing sapropelic chert from the lower middle member. The rock is 
| thinly and irregularly laminated. Pyrite is disseminated widely through the dark-colored sapropelic lami- 
nae. Most of the numerous spore exines are silicified and somewhat deformed. AN-36B, plane light, X 65. 
FicureE 4. RADIOLARIAN SHALE, ARKANSAS NOVACULITE, BLACK RIDGE 
Green, chloritic, radiolarian siliceous shale from the upper middle member. The radiolaria are very 
abundant but generally are not as well-preserved as in some of the cherts. AN-254, plane light, X 29. 
Ficure 5. CoLLororm STRUCTURE, ARKANSAS NOVACULITE, BLAcK KNOB RIDGE 
Quartz-chalcedony “‘ le” with colloform structure from the upper member. This photomicrograph 
| shows only a portion of the “geode’”’. The dark area at left is brown chert. The center of the geode con- 
sists of a mosaic of quartz which grades into brown feathery chalcedony and then into cryptocrystalline 
} silica at the outer edge. Many specimens have colloform veinlets from the “geode” into the surrounding 
chert similar to those shown in the photomicrograph. AN-37, crossed nicols, X 29. 
FicurE 6. RADIOLARIA IN ARKANSAS NOVACULITE, BLack KnosB RIDGE 
| Well-preserved radiolarian tests from upper member. Specimen C is pyritized. 
| A. AN-248, plane light, X 121. 
: B. AN-28, plane light, X 129. 
, ©. AN-42, plane light, X 88. 
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The shale is black, siliceous, and carbonaceous 
and forms even-bedded layers ranging from a frac- 
tion of an inch to several feet in thickness which are 
distributed throughout the formation, but is meager 
or absent in places, particularly near the base. 
Black siliceous limestone in lenses and layers only 
a few inches thick occurs sporadically near the base 
and top.” 


Petrography.—The generally poor exposures, 
complicated folding, and lack of measured 
sections of the Bigfork chert in McCurtain 
County preclude any attempt to subdivide 
this formation into members. The Bigfork chert 
is somewhat more metamorphosed here than at 
Black Knob Ridge, but the grade of metamor- 
phism attained is comparatively low. 

Near the lower (Womble) contact, the Big- 
fork consists of fractured and veined micro- 
crystalline chert (Pl. 1, fig. 5). At places the 
specimens are ferruginous and graphitic. The 
ferruginous material and finely dispersed black 
(graphitic?) opaque dust occurs either in 
irregular blotches or in wavy discontinuous 
streaks parallel to the apparent bedding. The 
quartz veinlets cutting the rock are typically 
contorted, almost ptygmatic in their folding. 
Most of the fossils in these cherts are quite 
fragmentary; crinoid columnals, brachiopods, 
ostracods, and sponge spicules are present. The 
bulk of the lower and middle Bigfork consists 
of similar limestone-replacement cherts with 
marine fossils, but there are some impure, 
pyritiferous, graphitic cherts containing a few 
spores and Radiolaria. Strong cataclastic effects 
are evident in many specimens. 

The upper Bigfork differs lithologically to 
some degree from the lower and middle Bigfork. 
The major lithologic types, chloritic chert and 
silty chlorite argillite, grade into each other. 
The cherts are veined and contorted. In some 
slides there are two well defined directions of 
alignment of the long axes of the micas and 
chlorite. The chloritic argillites are silty in 
many cases; at places they grade into chloritic 
siltstones. The aligned wisps and shreds of 
chlorite, sericite, silt-size quartz, and clay 
minerals are embedded in a matrix of crypto- 
crystalline silica (Pl. 1, fig. 6). There are highly 
contorted and twisted streaks of mica and chlo- 
rite in some specimens; false cleavage and in- 
cipient phyllitization are shown in some slides. 

Although exact correlation is not possible, 
the fossiliferous chert of the lower and middle 


Bigfork in McCurtain County is probably 
equivalent to the lower limestone-chert unit 
of the Bigfork chert at Black Knob Ridge. The 
chloritic argillite and chert of the upper Bigfork 


in McCurtain County are probably metamor- ; 


phosed equivalents of the black paper shale and 
sapropelic chert of the upper unit of the Big- 
fork at Black Knob Ridge. 


ARKANSAS NOVACULITE (DEVONIAN- 
MISsSISSIPPIAN) 


General Statement 


The Arkansas novaculite, the best-known yet 
most controversial of the siliceous sediments 
of Ouachita facies, contains a wide variety of 
lithologic types, including not only novaculite 
but also spiculite chert, calcareous chert, radio- 
larian chert, sapropelic chert, siliceous shale, 
and sapropelic paper shale. Most of the de- 
scriptions of Arkansas novaculite have been of 
rocks from western Arkansas and McCurtain 
County, Oklahoma, where it has been subjected 
to metamorphism. The sequence of siliceous 
sedimentary rocks in the Arkansas novaculite 
at Black Knob Ridge is less metamorphosed 
and more closely approximates the original 
lithology of the sediment. 


Black Knob Ridge 


Stratigraphy.—Hendricks et al. (1947) state 
that the Arkansas novaculite overlies the 
Missouri Mountain shale with apparently 
gradational contact and that the Arkansas 
novaculite 


“...ranges in thickness from 234 to 340 feet in 
sections measured in Black Knob Ridge, and is 
made up of four lithologic members. The lowest 
member constitutes about half of the formation; it 
is made up of thin-bedded, light-colored novaculite, 
much of which is apple-green in color, interbedded 
with hard green shale. The second lithologic mem- 
ber constitutes about half of the upper part of the 


formation. It is made up of beds of novaculite of | 
variable thickness that are light gray to almost) and pj 
black, and are separated by thin partings and beds | 


of black paper shale. The basal beds of this member 
are generally conglomeratic. The two uppermost 
members are about equal in thickness and together 
constitute about one fourth of the formation. The 
lower of these two members consists of red and 
green, gritty, micaceous, and flaky shale that 
weathers to a soft clay; this shale contains some 
thin beds of novaculite, particularly in the lower 
ng and some local beds of blocky black shale. 

upper member consists of green, brown, and 

y novaculite in beds ranging from 1 inch to | 
oot thick.” 
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ARKANSAS NOVACULITE (DEVONIAN-MISSISSIPPIAN) 


The fauna and flora of the novaculite consists 
of sponge spicules, radiolarian capsules, micro- 
spores, collapsed megaspores, probable charo- 
phyte oogonia, silicified wood, linguloid brachio- 
pods, and conodonts. Recent studies of the 
conodont fauna by W. H. Hass (1951) show 
that sediments of Devonian and Mississippian 
age are present in the Arkansas novaculite. 

Petrography.—The lowest member of the Ar- 
kansas novaculite at Black Knob Ridge con- 
sists predominantly of massive spiculitic chert 
and laminated siliceous shale or argillite. The 
“matrix” of the chert is composed largely of 
cryptocrystalline silica with minor amounts of 
“isotropic” silica and microcrystalline silica. 
Quartz veinlets, fractures, and joints appear in 
about half of the specimens but few of the rocks 
can be described as brecciated. Clays, hydrous 
iron oxides, and “floated” sand grains are the 
most abundant impurities. About half of the 
specimens contain some sericite, chlorite, chal- 
cedony, and bituminous (?) material. Glauco- 
nite, colloform structures, and color-banding 
are found in a few slides. 

Radiolaria are scarce but sponge spicules are 
abundant. Some specimens are composed al- 
most entirely of sponge spicules (Pl. 2, fig. 1). 
In the cherts containing some argillaceous 
| material, the spicules are outlined sharply in 
most cases; in the white, non-argillaceous 
cherts, the spicules tend to be “resorbed” into 
the cryptocrystalline matrix and are difficult 
to see clearly. 

The lower middle member of the Arkansas 
novaculite at Black Knob Ridge consists of 
(1) dark, sapropelic, spore-bearing chert, and 
black paper shale; (2) light-colored, argilla- 
ceous, radiolarian chert; and (3) radiolarian 
siliceous shale. The sapropelic chert and black 
shale are laminated in most cases and contain 
| abundant red-brown organic matter, pyrite, 
and bitumen; they suggest deposition in an 
euxinic environment. The silica in the lighter- 
colored laminae is predominantly cryptocrys- 
talline. Much of the silica in the dark laminae 
of the sapropelic cherts is apparently isotropic, 
but the index of refraction of this silica is higher 
than that of opal. This “isotropic” silica is 
apparently identical with that in the Bigfork 
chert at Black Knob Ridge. Similar non-opal- 
ine isotropic silica in cherts has been reported 
by Lawson (1895), Davis (1918, p. 256), and 
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Sargent (1929, p. 402). In the Arkansas novac- 
ulite, this “isotropic” silica apparently has 
an index of refraction slightly higher than 
Canada balsam (1.54). The light-colored cherts 
and siliceous shales contain cryptocrystalline 
silica. Many of the dark sapropelic cherts are 
thinly laminated, whereas the light-colored 
cherts and siliceous shales are rarely thinly 
laminated. Almost every specimen from this 
member is fractured to some extent and con- 
tains fissure fillings of quartz; a few of the speci- 
mens have been brecciated and recemented 
with quartz (Pl. 2, fig. 2). “Floated” sand 
grains, micas, chlorite, chalcedony, and glauco- 
nite are uncommon. 

Very few sponge spicules are found in the 
lower middle member. In contrast, the light- 
colored cherts and siliceous shales contain 
abundant well-preserved radiolarian capsules 
at places. The dark sapropelic cherts generally 
contain abundant spore exines (PI. 2, fig. 3); 
most are well-preserved microspores and are 
oval to spherical in cross-section, but some are 
collapsed and flattened megaspores. 

The upper middle member of the Arkansas 
novaculite at Black Knob Ridge is apparently 
transitional between the lower middle and 
upper members and contains a variety of litho- 
logic types. The conspicuous red and green 
“shales” which dominate this member range 
from radiolarian shale (PI. 2, fig. 4) to siliceous 
and chloritic argillite. The chert and novaculite 
includes white cryptocrystalline radiolarian 
chert, argillaceous chert, and dark sapropelic 
chert containing both Radiolaria and spores. 
Sponge spicules are uncommon. The more 
competent beds of chert contain quartz veinlets 
and show minor fracturing, whereas the shales 
and argillites are seldom fractured or veined. 

Almost every specimen from the upper mem- 
ber contains abundant Radiolaria (PI. 2, fig. 6). 
Most of the siliceous rocks from this member are 
cryptocrystalline argillaceous radiolarian chert, 
radiolarian shale, and argillite. About half of 
the specimens examined are laminated. Almost 
all of the slides show some fracturing and 
subsequent fissure-filling by quartz. Hydrous 
iron oxide is widespread. Micas and chlorite are 
abundant in the shale and argillite. Quartz 
geodes, colloform structure (Pl. 2, fig. 5), and 
color-banding are present in some slides. 

Near the contact with the overlying Stanley 
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formation, there are at places a few beds of 
very fine-grained subgraywacke sandstone and 
siltstone, which closely resemble similar sand- 
stone in the lower Stanley but are here overlain 
by typical novaculite. The actual contact is 
difficult to pick at some localities. 


McCurtain Coynty, Oklahoma 


Stratigraphy.—Honess (1923, p. 110) con- 
siders that the Arkansas novaculite in McCur- 


‘tain County, Oklahoma, is practically identical 


lithologically with the Arkansas novaculite in 
the DeQueen and Caddo Gap quadrangles, 
Arkansas. Honess differs from Miser’s (1917) 
description of the stratigraphy only in con- 
sidering the carbonate mineral in the upper 
member of the novaculite manganese carbonate 
rather than manganese-bearing calcite. 

Miser and Purdue (1929, p. 50-53) described 
fully the lithology of the Arkansas novaculite 
in western Arkansas. Part of their description 
is as follows: 


“The formation, as developed in these quadrangles 
and in many other parts of the Ouachita Moun- 
tains, consist of three lithologic divisions—a lower 
one, made up almost entirely of massive, white 
novaculite; a middle one, consisting mainly of thin 
layers of dense, dark-colored novaculite interbedded 
with shale; and an upper one, consisting chiefly of 
massive, highly calcareous novaculite. These divi- 
sions differ in thickness and character from place 
to place.” 


Petrography.—The petrography of the Arkan- 
sas novaculite in McCurtain County has been 
described in considerable detail by Honess 
(1923, p. 109-139). In general the novaculite 
in McCurtain County differs considerably in 
fabric from the novaculite at Black Knob Ridge 
but is similar in composition. Most of the rock 
types described from Black Knob Ridge are 
recognizable in McCurtain County and the 
general sequence of sediments is similar. Some 
major differences are: 

1. Cataclastic effects are more widespread 
and more conspicuous in the McCurtain County 
novaculite. Microscopic “augen,”’ schistose and 
granulated zones, brecciated areas, contorted 
quartz veinlets, and microstylolites are de- 
veloped in many specimens. 

2. Siliceous fossils are deformed and tend to 
be “resorbed” into the cryptocrystalline silica 
matrix of the rock so that their outlines are 


difficult to see in transmitted light. In some 
cases siliceous sponge spicules are so incor- 
porated into the matrix that they can be seen 


only in the argillaceous portions of the rock or | 


where they are outlined by opaque dust-size 
particles. The radiolarian capsules are deformed 
in many specimens; generally they are com- 
pressed and flattened and have lost most of 
their spines (Pl. 3, fig. 1). The Radiolaria are 
recrystallized in some cases into a clear, lenticu- 
lar area of silt-size quartz with no visible in- 
ternal structure. 

3. The grain size and crystallinity of the 
siliceous matrix is increased. Much of the silica 
in the Arkansas novaculite at Black Knob 
Ridge is in the “isotropic” and chalcedonic 
state and the remainder is cryptocrystalline. 
In McCurtain County, isotropic and chalce- 
donic silica are exceedingly rare, and much of 
the silica is “microcrystalline”, in which the 
individual particles are within the silt range on 
the Wentworth scale. 

4. There is a convergence of lithology in the 
McCurtain County novaculite which is the 
result of dynamic metamorphism. The original 
sedimentary textures are obscured and at 
places eliminated by the deformation and re- 
crystallization, so that the rocks are generally 


more similar in appearance and petrographic | 


character. Most of the argillaceous material in 
these rocks has been reconstituted into sericite 
and chlorite. Much of the sapropelic and car- 
bonaceous material has been altered to finely 
disseminated graphitic material. 

Several lithologic types in the specimens 
examined from McCurtain County were not 
observed in the specimens from Black Knob 
Ridge. The first is a widespread microbreccia or 
microconglomerate which consists of granule 
and sand-size particles of various types of 
chert, siliceous shale, and “floated” sand and 
silt grains (Pl. 3, fig. 2) and does not appear to 
be localized at any horizon. 

The other new lithologic types are found in 
the upper member of the Arkansas novaculite 
in McCurtain County. This member consists 
largely of light-colored calcareous novaculite 
and is not similar to any of the four members at 
Black Knob Ridge. Generally this calcareous 
novaculite contains many small subhedral to 
euhedral rhombs of manganiferous carbonate. 
This same type of chert is found also in the 
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ARKANSAS NOVACULITE (DEVONIAN-MISSISSIPPIAN) 


Walnut Creek section of the Potato Hills (Pl. 3, 
fig. 3). At one locality in Beaver Bend State 


' Park in McCurtain County, the calcareous 
/ novaculite contains abundant partially silici- 


fied calcareous sponge spicules (Pl. 3, fig. 4). 
The carbonate weathers faster than the siliceous 
material and a spongy shapeless porous mass of 
silica is noted in most exposures. 


Upper SILIcEous SHALES 


Stratigraphy 


The stratigraphy of the siliceous shales and 
adjacent beds of the Stanley, Jackfork, and 
Atoka formations has been discussed in detail 
by Harlton (1938). These siliceous shales are 
more resistant than most of the adjacent 
strata and tend to weather out in relief. Al- 
though comparatively thin, the siliceous shales 
maintain a uniform appearance over distances 
of many miles and are useful marker beds in 
mapping surface structures of the Ouachita 
Mountains in Oklahoma. The names used in 
describing these beds are those originated by 
Harlton (1938), but the names have been re- 
stricted to apply to the siliceous shale beds 
only in those instances where Harlton applied 


| the name to the siliceous shale and overlying 


sandstone and shale beds. Also the siliceous 
shale beds are considered members of the 
Stanley, Jackfork, and Atoka formations rather 
than as members of smaller formations with 
the Stanley and Jackfork considered groups. 


Petrography 


Stanley shale (Mississippian).—Four sili- 
ceous shale members have been recognized in 
the Stanley formation. From oldest to youngest 
these are (1) Basal Ten Mile Creek siliceous 
shale, (2) a previously unnamed siliceous shale 
outcropping near the Potato Hills which is 
herein named the Tuskahoma siliceous shale, 
(3) Middle Ten Mile Creek siliceous shale, and 
(4) Moyers siliceous shale. 

BASAL TEN MILE CREEK SILICEOUS SHALE: 
This siliceous shale is typically dark and is 
seldom conspicuously laminated. At places it 
is silty, micaceous, and ferruginous. The silica 
is evenly disseminated and almost isotropic. 
Harlton (1938) has referred to this siliceous 
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material as weathered volcanic glass. Small 
amounts of carbonaceous material and mica- 
ceous minerals are noted in the groundmass. 
There are a few poorly preserved spores and 
recrystallized Radiolaria. 

TUSKAHOMA SILICEOUS SHALE NEAR THE PO- 
TATO HILLS: The siliceous shale of this unit 
has not been named previously and is herein 
named the Tuskahoma siliceous shale. The type 
locality is selected as the exposure at the 
center of the west side of Section 22, Township 
2 North, Range 20 East, Pushmataha Co., 
Oklahoma, approximately 4.6 miles east of 
Tuskahoma on U. S. Highway 271. The type 
section was measured by T. A. Hendricks and 
Paul Averitt (1947, p. 35). This shale is typi- 
cally carbonaceous and pyritiferous. Some 
specimens contain abundant sapropelic and/or 
carbonaceous material, micaceous minerals, 
iron oxides, and quartz veinlets. Many shales 
from this unit are conspicuously laminated; 
thin sections perpendicular to bedding planes 
show thin, wavy, crenulated, discontinuous 
lenses of clay minerals and sapropelic material 
intermingled with cryptocrystalline to “‘iso- 
tropic” silica. Spore exines are the most char- 
acteristic fossils. Delicate radiolarian structures 
are well-preserved in a few specimens, and 
scattered sponge spicules and radiolarian spines 
are not rare. 

MIDDLE TEN MILE CREEK SILICEOUS SHALE: 
This unit consists largely of mottled dark 
siliceous shale which is micaceous, pyritiferous, 
and carbonaceous. Many specimens are lami- 
nated; individual laminae are thin and irregular. 
Quartz veinlets and red-brown sapropelic mat- 
ter are present in some thin sections. Radiolaria 
are abundant but poorly preserved. Only a 
few spores (?) and sponge spicules were noted. 

MOYERS SILICEOUS SHALE: This dark siliceous 
shale is generally thinly laminated and irregu- 
larly banded. Individual laminae are wavy, 
crenulated, and discontinuous. The dissemi- 
nated silica is isotropic for the most part, but 
there are a number of streaked, crumpled, 
shapeless masses of cryptocrystalline silica. 
Embedded in the matrix of clay minerals, 
carbonaceous material, and silica are some 
remarkably well-preserved radiolaria, a few 
spores (?), some silt-size quartz, and some small 
sponge spicules (both monaxons and hexaxons). 

Jackfork sandstone (Pennsylvanian).—Four 
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siliceous shales have been recognized in the 
Jackfork formation. From oldest to youngest 
these are (1) Chickasaw Creek siliceous shale, 
(2) Prairie Mountain siliceous shale, (3) Mark- 
ham Mill siliceous shale, and (4) Wesley si- 
liceous shale. Both the Chickasaw Creek and 
Wesley siliceous shales contain lenses of chert 
conglomerate. 

CHICKASAW CREEK S{LICEOUS SHALE: This 
unit consists largely of brown radiolarian 
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are very abundant in some specimens. Most of 
the radiolaria are concentrated in the light- 
colored laminae. 

Lenses of conglomerate or breccia as much as 
18 inches thick occur in the Chickasaw Creek 
siliceous shale. The lenses are not uniform 
lithologically, but consist largely of brecciated 
pebbles and granules of chert and siliceous 
shale cemented by chalcedonic chert (Pl. 3, 
fig. 5). Quartz sand, pyrite, epidote, hematite, 


siliceous shale. The shales are generally irregu- and minor amounts of other minerals are in- 
larly laminated and wavy bedded. The matrix cluded. Many quartz veinlets cut through the 
of the rock consists of “isotropic” silica, sapro- rock; in some specimens these veinlets show 
pelic or carbonaceous material, and clay fine-grained margins and comb structure. 

minerals. There are quartz veinlets in a few PRAIRIE MOUNTAIN SILICEOUS SHALE: This 
specimens; at places the clay minerals adjacent unit consists largely of dark siliceous shale 
to the quartz veinlets are reconstituted to which is conspicuously banded and thinly but 
micas. There are small amounts of pyrite, silt- irregularly laminated. Most of the silica is 
size quartz, and micas. Spores (?) are not isotropic and the thin sections appear almost 
abundant, but sponge spicules and radiolaria completely dark under crossed nicols. Tiny 


Pirate 3. PHOTOMICROGRAPHS 


FicurE 1. DEFORMED RADIOLARIA, ARKANSAS NOVACULITE, McCurtain County, OKLAHOMA 

Pyritiferous, graphitic (?), cryptocrystalline chert with abundant deformed radiolaria. Most of the 
spines are broken; only those parallel to the direction of compression of the rock remain. AN-153, plane 
light, X 65. ‘ 
Ficure 2. INTRAFORMATIONAL CHERT BRECCIA, ARKANSAS NOVACULITE, McCurtain County, OKLAHOMA 

Graphitic (?), pyritiferous, chert breccia. The angular to subangular, granule to sand-size fragments of 
spiculite chert, radiolarian chert, massive chert, and siliceous shale are embedded in a matrix of micro- 
crystalline silica. The rock is cut by numerous quartz veins, some of which are highly contorted. AN-103, 
plane light, X 5.7. 

Ficure 3. CALCAREOUS UppER MEMBER OF ARKANSAS NOVACULITE, Potato HILts, 
PusHMATAHA CouNTY, OKLAHOMA 

Veined and fractured chert containing numerous subhedral to euhedral carbonate rhombs. The matrix 
in which the carbonate is embedded consists of equigranular cryptocrystalline silica. The carbonate 
rhombs vary in size from sublithographic to finely crystalline. AN-40, plane light, X 65. 

Ficure 4. CALCAREOUS SPICULITE CHERT FROM UPPER MEMBER OF ARKANSAS NOVACULITE, 
County, OKLAHOMA 

Calcareous chert consisting largely of sponge spicules which were originally calcareous. Most of the 
sponge spicules are partially silicified in this specimen. The spicules are embedded in a matrix of crypto | 
crystalline to microcrystalline silica. The rock is cut by numerous sinuous discontinuous shear planes. 
There are a few detrital grains of silt-size quartz. AN-171, plane light, x 58. 

Figure 5. CHickASAW CREEK CHERT BRECCIA 

Unsorted, granule to pebble-size chert breccia. This rock is from a lens in the Chickasaw Creek siliceous | 
shale member of the Jackfork sandstone. It consists of fragments of siliceous shale, dark red-brown sapro- | 
pelic chert, and light-colored argillaceous chert embedded in a matrix of chalcedony and quartz. Abun- } 
dant cubes and anhedral aggregates of pyrite are scattered through the matrix. Veins of quartz cut 
through the pebbles and granules; most of these veins are simple fissure-fillings but some show comb struc- 
ture and fine-grained margins. There are a few radiolaria in the matrix. JF-239, plane light, X 5.7. 

FicurE 6. MARKHAM Mitts SILIcEous SHALE 

Laminated, sandy, fossiliferous siliceous shale from the Markham Mills member of the Jackfork sand- 
stone. Thin bands of poorly sorted, quartzitic, glauconitic coarse siltstone and very fine-grained sandstone 
alternate irregularly with laminae of carbonaceous siliceous shale. Sponge spicules are very abundant in } 


some layers and there are some radiolaria and spore exines. H-31, plane light, X 24. is 
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UPPER PALEOZOIC SILICEOUS SHALES 


flakes of mica scattered through the shale ex- 
tinguish parallel to bedding planes. Hydrous 
iron oxide is relatively abundant; the con- 
| spicuous banding results from changes in the 
| relative amounts of clay and iron oxides. 
Radiolaria and spores are abundant, but there 
are only a few sponge spicules. 

MARKHAM MILL SILICEOUS SHALE: This unit 
contains strongly laminated, lithologically 
complex shales (PI. 3, fig. 6). The silica is al- 
most entirely cryptocrystalline. Some speci- 
mens consist of thin, irregular, discontinuous 
layers of micaceous siliceous argillite inter- 
bedded with relatively clear lenses and layers 
of chert containing radiolaria, spores, sponge 
spicules, and abundant tiny spicular bodies 
(radiolaria spines?). Other specimens show 
rapid gradations from spiculitic, carbonaceous, 
radiolaria, and spore-bearing siliceous shale to 
poorly sorted glauconitic siltstone with silici- 
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fied crinoid columnals, giving the overall im- 
pression of rapid alternations of stagnant and 
normal marine environments during deposition. 

WESLEY SILICEOUS SHALE: The Wesley sili- 
ceous shale unit (Pl. 4, figs. 1, 2) is somewhat 
variable lithologically. It consists largely of 
spiculitic chert, spiculitic and chloritic siliceous 
argillite, and dark carbonaceous siliceous shale. 
Some of the shale is laminated, with typical 
microscopic crenulations and twistings of each 
thin layer of carbonaceous material, clay, and 
silica. Sponge spicules predominate over radio- 
laria and spores in most specimens; one speci- 
men contains abundant collapsed and flattened 
megaspores. Fragments of fossils are much 
more plentiful in the light-colored layers than 
in the dark layers; the light-colored layers are 
also harder and more siliceous. 

Lenses of chert conglomerate are intercalated 
in the Wesley siliceous shale. These rocks are 
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Figure 1. WEsLEy SILIcEous SHALE 
Spiculitic siliceous shale from the Wesley member of the Jackfork sandstone. Thin section cut parallel 
| to the bedding plane. Cruciform and monaxon sponge spicules are embedded in a matrix of clay minerals, 
silica, and finely disseminated hematite ‘‘dust”. H-28, plane light, X 65. 
FicurE 2. WEsLEy SiticEous SHALE 
From the same specimen as in Figure 1, but cut perpendicular to the bedding plane. The crenulated, 
discontinuous nature of individual laminae of argillaceous and organic material may be seen. Part of the 
| argillaceous material is reconstituted into chlorite. Clear lens-shaped areas of chert are scattered through 
the rock. Many of the sponge spicules are seen in cross-section in this photomicrograph and appear as 
small circles. H-30, plane light, X 65. 
Ficure 3. Lower ATOKA SILicEous SHALE 
Sandy, spiculitic, siliceous shale from the Atoka formation. Cut perpendicular to the bedding plane. The 
wavy, discontinuous streaks and layers of argillaceous material and carbonaceous material are surrounded 
by a matrix of cryptocrystalline silica. Sponge spicules and detrital quartz grains are distributed abun- 
dantly through the rock. There are a few radiolaria. H-46, plane light, X 64. 
Ficure 4. Hatton Turr LENTIL 
Chloritic, devitrified, silicified tuff from the Hatton tuff lentil of the Stanley shale. Vitroclastic struc- 
ture is well-developed. The matrix consists largely of chlorite and cryptocrystalline silica. The shards and 
bubble-wall fragments appear well-preserved in plane light, but under crossed nicols they appear as a 
shapeless mosaic of quartz and chert. STH-1, plane light, X 65. 
Ficure 5. Pinetop CHERT 
Calcareous, cryptocrystalline to chalcedonic chert from the Pinetop chert near the upper (Woodford) 
contact. Much of the chert is of the “vesicular”, limestone-replacement type; the silica in these areas 


? appears brown in transmitted light and white in reflected light. Colloform nodules and veinlets of chal- 
s ‘ cedony are conspicuous; the one in the lower part of the photomicrograph has a center of clear quartz 
| | surrounded by a rim of brown chalcedony. PT-5, plane light, X 65. 
Ficure 6. CuicKAcHoc SPICULITE CHERT 


, Silty, calcareous, spiculite chert from the Chickachoc chert. This specimen is variable in lithology within 
+} single thin section, containing areas of pure spiculite, calcareous spiculite chert, siliceous limestone, 
> | and calcareous siltstone. The sponge spicules appear to have been calcareous originally; upon silicification 
the outer walls of the spicules were replaced by clear chalcedony and the pore canals (inner portion) of the 
spicules were replaced by brown chalcedony with concentric ring structure. CC-201, plane light, X 65. 
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pebble to granule chert conglomerates cemented 
by quartz, chalcedony, and an unidentified 
light yellow-green isotropic mineral. The 
coarser fragments contain a wide variety of 
lithologic types, including partly devitrified 
tuff, “isotropic” radiolarian chert, argillaceous 
chert, and siliceous shale. 

Atoka formation (Pennsylvanian).—The only 
siliceous shale recognized so far in the Atoka 
formation is in the lower part (Pl. 14, fig. 3). 
It consists of dark carbonaceous, spiculitic 
siliceous shale and spiculitic chert. The irregu- 
larly alternating layers of clay, pyritic car- 
bonaceous material, and silica are wavy and 
discontinuous. Some of the rocks are somewhat 
silty. There are many well-preserved Radiolaria 
in this unit, but they are quantitatively sub- 
ordinate to sponge spicules. 


Hatton Turr (MIssIssIPpPIAN) 
General Statement 


Properly speaking, the Hatton tuff lentil of 
the Stanley shale is not one of the siliceous sedi- 
ments of Ouachita facies. However, it is of the 
utmost significance in any discussion of the 
origin of the siliceous sediments, and so is 
briefly discussed here. 


Stratigraphy 


The Hatton tuff lentil of the Stanley forma- 
tion is not found in the western part of the 
Ouachita Mountains of Oklahoma, but it is 
widely distributed in McCurtain County, 
Oklahoma, and in western Arkansas. As de- 
scribed by Miser and Purdue (1929), the Hatton 
tuff lentil is the lowest and thickest of a number 
of tuff beds of similar lithologic character in 
the lower Stanley. According to them, the 
Hatton tuff lentil in the DeQueen and Caddo 
Gap quadrangles, Arkansas, ranges from 30 to 
90 feet thick, whereas the thinner tuff beds are 
from two to four in number and range from 
6 to 40 feet thick. Honess (1923), on the other 
hand, doubts that there is more than one bed 
of the tuff in McCurtain County. 
Megascopically, according to Miser and 
Purdue (1929, p. 64): 

“All the tuffs, including the Hatton tuff, are similar 


in lithologic features. They are so massive and ho- 
mogeneous and their joints are so well developed 
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that if bedding planes exist they are, in most if not 
all places, confused with the joints, but the bedding 
can be determined by the parallel arrangement of 
numerous green, flattened pellets of chloritic mate- 
rial that are usually present in some parts of the 
beds. The color of the unweathered rock is dark 
gray with a greenish tinge, but that of the weathered 

-k, which consists of a layer usually less than an 
inch thick over the surface of the exposed parts, 
range from light greenish gray on the surface to 
brown next to the fresh portion. The rock is tough 
and compact and like other beds in the Stanley 
contains quartz veins, but the veins seem more 
numerous in the Hatton lentil than elsewhere in the 
Stanley. In its macroscopic character it strikingly 
resembles a porphyritic igneous rock. The largest 
conspicuous grains are feldspars, which are usually 
2 millimeters or less in diameter, but some are as 
much as 5 to 7 millimeters. (...) On weathering, 
the grains of feldspar kaolinize and become white, 
giving the rock a spotted appearance.” 


Petrography 


Miser and Purdue (1929, p. 64) quote E. s| 


Larsen to the effect that the original rock was 
near a rhyolite or quartz latite. 

Honess (1923, p. 179-188) has discussed the 
microscopic petrography of the tuffs near the 
base of the Stanley in McCurtain County in 
some detail. He describes a number of speci- 
mens and presents a chemical analysis and a 
calculated norm. These analyses indicate that 
the tuffs are acidic. 

Messrs. C. A. Weintz and A. Goldstein, Jr. 
collected several specimens from the type lo- 
cality of the Hatton tuff lentil half a mile south 
of Hatton, Arkansas (PI. 4, fig. 4). The speci- 
mens consist of greenish, chloritic, devitrified, 
silicified crystal-vitric tuff with well-developed 
vitroclastic structure (Bogenstruktur). Most 
of the larger grains of potash feldspar, sodic 
plagioclase, perthite, quartz, and igneous rock 
fragments are pyroclastic, but some of the 
grains of quartz and rock fragments are prob- 
ably of sedimentary origin. The outlines of the 
extremely angular, sharply concave and con- 
vex, originally glassy shards and bubble wall 
fragments are well-defined in plane-polarized 
light; under crossed nicols, it is noted that they 
have been recrystallized into a mosaic of an- 
hedral intercrystallized quartz and chert. The 
matrix of the rock consists of a mixture of 
chlorite and cryptocrystalline silica; veins, 
streaks, and irregular blobs of massive chlorite 


are also present. There are small amounts of} i 


sericite, iron oxides, and clay minerals. 
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SILICEOUS SEDIMENTS OF FAULTED ZONE 


S1n1IcEoUS SEDIMENTS OF THE FAULTED ZONE 
BETWEEN THE MCALESTER BASIN AND THE 
CENTRAL OUACHITA MOUNTAINS 


General Statement 


Successive thrust slices in the frontal zone of 
the Ouachita Mountains in Oklahoma contain 
a sequence of sedimentary rocks which more 
closely resemble those exposed in the Arbuckle 
Mountains than those of the central Ouachita 
Mountains (Hendricks et al., 1947). The 
siliceous rocks of this faulted zone comprise 
the Pinetop chert of Middle Devonian age, 
the Woodford chert of Devonian (?) age, and 
the Chickachoc chert of Pennsylvanian age. 
It is considered probable that these rocks were 
deposited farther out towards the foreland than 
those of Ouachita facies typical of the central 


Ouachita Mountains; their intermediate char- 


acter probably results from deposition in an 
intermediate position between sediments of 
Arbuckle and Ouachita facies. 


Pinetop Chert (Devonian) 


The Pinetop chert is exposed in the fault 
block southeast of the Pine Mountain fault. 
According to Hendricks et al. (1947), the 


.| Pinetop chert is about 40 feet thick, white to 


light gray, and contains lenses of very fine- 
grained, sparingly fossiliferous limestone. 
Thin sections of the Pinetop chert consist of 
siliceous limestone, dolomitic limestone, and 
calcareous cryptocrystalline to chalcedonic 
chert. The limestones are clean to slightly argil- 
laceous, inequigranular, and lithographic to 
very finely crystalline. They are generally 
somewhat siliceous and fossiliferous. Ostracod 
carapaces and sponge spicules are the pre- 
dominant fossils, but fragmentary crinoids and 


-| unidentifiable fragments of fossils of other 


types are present. There is some pyrite in some 
of these limestones. 
Near the Woodford contact, the Pinetop 


-| chert is more or less calcareous (dolomitic ?) 


and chalcedonic to cryptocrystalline (Pl. 4, 
fig. 5). Much of the chert is the “vesicular” 
type which is disseminated through the limy 
areas; it is brown in transmitted light and white 
in reflected light. This type of silica is charac- 
teristic of many limestone-replacement cherts. 
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Colloform veins and nodules of chalcedony ap- 
pear in places. Some nodules have centers of 
interlocked quartz grains and rims of chal- 
cedony. 


Woodford Chert (Devonian ?) 


The Woodford chert unconformably overlies 
the Pinetop chert and is exposed in the block 
southeast of the Pine Mountain fault. Accord- 
ing to Hendricks et al. (1947): 


“The basal 7 feet of the formation is a white chert 
breccia or conglomerate containing some lenses of 
very fine grained, crystalline limestone. The upper 
part consists of alternating beds of black papery 
shale that weather light gray, and black chert in 
beds 1 to 4 inches thick. It contains abundant round 
and discoidal phosphatic nodules and conodonts. 
The formation is about 67 feet thick.” 


Specimens from the lower zone consist of white 
calcareous spiculitic chert and chalcedonic 
chert. These rocks are intensely fractured and 
veined; some specimens are brecciated. Abun- 
dant euhedral to subhedral sublithographic to 
very finely crystalline carbonate rhombs are 
disseminated through the rocks. Much of the 
silica is in the isotropic state; it appears white 
in reflected light, brown in transmitted light, 
and dark under crossed nicols. The remaining 
silica is cryptocrystalline. The veinlets or fis- 
sure-fillings are both of quartz and chalcedony. 
There are a few large, nodular, colloform chal- 
cedony bodies in the rocks. Sponge spicules are 
abundant, but other fossils are rare. 

The shale in the upper part of the Woodford 
is dark red-brown and sapropelic. The shale is 
generally laminated and pyritiferous. By in- 
crease of silica it grades into sapropelic, spore- 
bearing chert. Most of the silica in the chert is 
apparently isotropic. Much of the chert is frac- 
tured and veined with fissure-fillings of quartz, 
chalcedony, and black asphaltic (?) material. 

Embedded in the shale of the upper Wood- 
ford are a number of phosphate nodules. A thin 
section cut through a nodule shows irregularly 
shaped, replacement-type chert in a brownish, 
somewhat botryoidal, isotropic matrix of clay 
and phosphate. A few Radiolaria are present. 
The nodule contains phosphatic material of 
two shades of brown but there is little petro- 
graphic difference between the colored layers. 
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Chickachoc Chert (Pennsylvanian) 


The Chickachoc chert lentil overlies the 
Spinger formation and is exposed in the block 
southeast of the Katy Club fault. According to 
Hendricks et al. (1947): 


“The formation is generally poorly exposed with 
only the more resistant beds cropping out. Its thick- 
ness is estimated to be 600 feet. The formation con- 
sists of greenish gray totan clay shale that weathers 
to a tan clay and contains beds and lenses of spicu- 
lite. The spiculite consists of a mass of sponge 
spicules cemented by siliceous limestone. Where it 
is fresh the spiculite is dark-bluish gray and very 
hard. Where it is weathered it resembles a coarse- 

ined sandstone or porous chert, but each grain 
is a sponge spicule. As many as ten beds of spiculite, 
each more than 5 feet thick, are present locally. 
In general, the base of a bed of spiculite, about 10 
feet thick, is assumed to be the base of the forma- 
tion; a bed of spiculite 20 to 50 feet thick is present 
in the middle part; and a very massive bed of spicu- 
lite, 30 to 120 feet thick, constitutes the top member. 
Locally, the Chickachoc chert contains abundant 
brachiopods, a few cephalopods, and other fossils 
of lower Pennsylvanian age that are identical with 
those of the Wapanucka limestone, with which it is 
correlated.” 


Thin sections of the Chickachoc consist 
largely of siliceous spiculite limestone or spicu- 
lite chert. Two major related lithologic types 
were observed. The first type is an inequigranu- 
lar, very finely crystalline, fossiliferous, siliceous 
limestone. This rock contains abundant yellow 
chalcedony which is scattered through the rock 
in irregular masses. Glauconite and argillaceous 
material are present in a few specimens. The 
most abundant fossils are calcareous (and silici- 
fied) sponge spicules but there are some ostra- 
cods, crinoids, foraminifera, and unidentified 
fragmentary fossils. 

The second lithologic type is a spiculitic chert 
consisting almost entirely of a felted mass of 
silicified sponge spicules (monaxons), with some 
interstitial clay, pyrite, and organic matter. It 
grades by increase of calcareous material into 
the first type, except that other fossils are lack- 
ing or rare. 

Generally, in these rocks, the silica replaces 
the matrix, but in a few areas the calcareous 
sponge spicules are replaced selectively. All the 
sponge spicules appear to have been calcareous 
originally; upon silicification, brown chalcedony 
replaces the pore canals and clear chalcedony 
replaces the outside walls (Pl. 4, fig. 6). 
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ORIGIN OF THE SILICEOUS SEDIMENTS 
General Statement 


One of the most controversial factors con- 
cerning the siliceous sediments of Ouachita 
facies is their origin. In particular, the source 
of the silica necessary for their formation has 
been a matter of argument. A considerable 
amount of geologic literature has been devoted 
to the origin of the Arkansas novaculite, with 
lesser emphasis placed on the other siliceous 
sediments. 


Origin of The Bigfork Chert 


Two major theories on the origin of the Big- 
fork chert are presented by Miser and Purdue 
(1929), and by Honess (1923). Miser and Pur- 
due (1929, p. 129) state that: 


“After the Womble deposition was completed, 
layers of silica and thinner layers of mud, aggre- 
gating 700 feet in thickness, were put down in prob- 
ably all the Ouachita Mountain region and later 
formed chert and shale, respectively. To the forma- 
tion thus produced the name Bigfork chert has been 
applied....The water, to judge from the small 
amount of shale in the formation, was at first rela- 
tively clear, but late in Bigfork time much mud 
brought in from the land area was intermittently 
deposited with the silica forming the chert. Further- 
more, the water was not of great depth, as is indi- 
cated by the ripple-marked surface of the sandstone. 
In the Bigfork, as in the Womble shale beneath, 
great numbers of graptolite remains were buried in 
the mud layers and are now well preserved in the 
shale. Evidently conditions at this time were not 
favorable for-other kinds of marine life, as only a 
few brachiopods, bryozoans, and trilobites have 
been found in the Bigfork chert of Arkansas and a 
few sponge species in this formation in Oklahoma. 
The presence of the spicules suggests thai at least 
a part of the silica which produced the chert was 
derived from such remains, but whether it was 
largely deposited by organic means or by chemical 
precipitation alone or by both processes is not 
known.” 
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Honess (1923, pp. 79-80) considers that the 
Bigfork chert is a marine deposit, that lime- 
stone was more abundant originally in the Big 
fork chert than now, and that much of the chert} 
is secondary. He emphasizes the widespread 
distribution and uniform character of the Big- 
fork chert, the transitional contacts with the 
underlying and overlying formations, and the 
presence of crinoid stems and brachiopods it 
the cherty limestones. 
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ORIGIN OF SILICEOUS SEDIMENTS 


It may be noted that Miser and Purdue favor 
a syngenetic or penecontemporaneous origin for 
most of the chert, whereas Honess prefers an 
epigenetic origin. However, the source of the 
silica must be considered first. 

Widespread volcanism in the Ordovician pe- 
riod has been noted by C. S. Ross (1928), who 
states that: 


“Ordovician volcanic materials have been found by 
different geologists at many places in six of the 
eastern United States. ... When all the evidence is 
considered, there can be no doubt that great vol- 
canic eruptions occurred in Ordovician time and 
deposits hundreds of square miles apart show that 
thousands of square miles were at this time covered 
with ash.” 


We consider that ash falls were the source of 
silica for the Bigfork chert. The limestones in 
the lower unit of the Bigfork were apparently 
deposited in generally shallow, comparatively 
clear water with the clastic material derived 
from a very low-lying land mass (possibly pre- 
deposited and uplifted Ordovician shale and 
sandstone). Possibly 10-20 per cent of the silica 
in the lower limestones was syngenetic or pene- 
contemporaneous. The remainder is considered 
to be epigenetic and in part a result of surface 
exposure. On the other hand, the dark, bedded 
cherty shales in the lower Bigfork were highly 
siliceous originally. They contain only radio- 
laria, spores, graptolites, and sponge spicules 
and were probably laid down in an euxinic en- 
vironment unfavorable to bottom-dwelling or- 
ganisms. 

There is no sharp contact between the upper 
and lower units of the Bigfork and one thickens 
as the other thins. By upper Bigfork time, the 
seas were consistently muddy and the black 
shale environment obtained throughout. Vol- 
canic ash continued to fall and was incorporated 
into the black chert and siliceous shales of the 
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upper Bigfork. Probably not over 10-20 per 
cent of carbonate was ever present in the upper 


> chert) beds and this original carbonate has been re- 
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placed by silica in the outcrop occurrences. The 
Bigfork sediments were later subjected to the 
dynamic metamorphism of the Ouachita orog- 
eny and some redistribution of the silica and 
most of the fracturing and vein-filling took 
Place then. 
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Pettijohn (1949, p. 461-462) suggests that 
the differences between the Fernvale and Viola 
limestones of the Arbuckle Mountains and the 
equivalent Bigfork chert in the Ouachita Moun- 
tains result from silicification accelerated by 
deep burial and rise of geotherms and is not a 
facies change. We maintain that the petro- 
graphic data indicate that the major differences 
between the Fernvale-Viola and Bigfork forma- 
tions are the result of facies changes. We con- 
sider the Fernvale and Viola sediments deposits 
of foreland facies and the Bigfork sediments 
deposits of geosynclinal facies. 

The Viola formation of the Arbuckle Moun- 
tains contains considerable amounts of chert 
and siliceous limestone. Petrographic study 
strongly suggests that most of the silica epi- 
genetically replaced limestone. In the Bigfork 
formation of the Ouachita Mountains, most of 
the silica is in the form of massive bedded chert 
and much of this silica is syngenetic or penecon- 
temporaneous. Indeed, most of the upper part 
of the Bigfork chert consists of black, sapro- 
pelic spore-bearing cherts and black paper 
shales which were apparently never calcareous 
except in very limited degree. These black 
sapropelic graptolitic shales of the Upper Big- 
fork unquestionably are deposits of an euxinic 
environment and of themselves indicate a facies 
change from the limestones of the Viola and 
Fernvale formations. 

Deep burial and consequent rise of geotherms 
must have occurred long after consolidation of 
the Bigfork formation (as the Ouachita geo- 
syncline was not a major downwarp until 
Stanley-Jackfork time). Deep burial unques- 
tionably modified the distribution of silica and 
may have caused some epigenetic silicification. 
However, the data indicate that most of the 
silica in the Bigfork formation is of primary 
origin and was derived largely from volcanic 
ash incorporated in the sediment at the time of 
deposition. 


Origin of the Arkansas Novaculite 


General statement.—The theories on the origin 
of the Arkansas novaculite have been sum- 
marized by Miser and Purdue (1929, p. 55-57). 
In chronological order, with one addition, these 
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theories are stated in generalized form in the 
following table’: 


D. D. Owen (1868)—Metamorphosed sandstone. 
J: C. Branner (1888)—metamorphosed chert. 
B. Comstock (1888)—hot water deposits. 
L. S, Griswold (1892)—-sandstone of very fine grain. 
Frank Rutley (1894)—-siliceous replacement oy dolo- 
mite or dolomitic limestone. 
G. J Hinde (1894)—organic origin. 
A . Derby (1898)—replacement of limestone by 


W. hag Weed (1902)—chemical precipitate in deep 
Van Hise (1904)—organic precipitate, now 


recrysta 

C. L. Baker (1918)—metamorphosed chert. 

C. W. Honess (1923)—in part silicified and devitri- 
fied volcanic ash, but mostly ees precipita- 
tion without the aid of o 

H. D. Miser and A. H. Purdue (1929)—chemically 
precipitated chert. 

T. A. Hendricks e¢ al. (1937)—an initially siliceous 
deposit derived at least in part from siliceous 
organisms. 


Both Honess (1923, p. 138-139) and Miser 
and Purdue (1929, p. 56-57) give detailed rea- 
sons for the origin which they postulate and 
refute many of the other theories of origin. 
Part of their arguments are recapitulated in the 


following paragraphs. 
Metamorphosed sandstone or very fine-grained 
sandstone theories—There are occasional 


rounded “floated” quartz sand grains of de- 
trital origin in the massive novaculite beds. Also 
there is every gradation from beds with an 
occasional sand grain to true sandstones which 
are both underlain and overlain by typical 
novaculite. Furthermore there are quartz grains 
which have been partially “resorbed” and in- 
corporated into the novaculite so that their 
outlines are only faintly visible in plain trans- 
mitted light. Nevertheless, as Miser and Purdue 
(1929, p. 56) state: 


. The close-fitting arrangement of the grains 

tocrystalline quartz in the highly calcareous 
chalcedony-like novaculite, which grade 
into each other, and the absence of any cementing 
material in these rocks indicate that the fine-grained 
quartz in them is not of detrital origin... The 
absence of indications of any such ronounced re- 
gional metamorphism in the Ouachita region as 
would be necessary to have produced quartzite of a 
texture like the novaculite further supports this 


1See article by Miser and Purdue for original 
reference citations. 
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Miser (1943) discussed the regional meta- 
morphism of the Arkansas novaculite and 
showed that, in areas of the Ouachita Moun- 
tains where the Arkansas novaculite is highly 
metamorphosed, as in the vicinity of Little 
Rock, Arkansas, the novaculite does not con- 
sist of dense cryptocrystalline silica, but the 
individual grains are increased in size and the |mang: 
rock resembles closely a metaquartzite. preset 

Theory of organic origin.—This theory im- where 
plies that the structureless cryptocrystalline | there 
silica which forms a large part of the Arkansas }oxides 
novaculite resulted from the death and solu- !that s 
tion of a great multitude of silica-bearing or- |carbor 
ganisms, principally radiolaria and siliceous jcarbo 
sponges. These organic remains are unques- |that 
tionably very abundant in some beds of the the n 
Arkansas novaculite but form only a small jconfir 
percentage of the entire formation. l 

The essential fact which disproves this hy- ast 
pothesis is that most of the radiolarian tests and jthan c 
sponge spicules in the Arkansas novaculite are |sctibec 
very well-preserved and show little indication neo 
of solution effects. Even in the metamorphosed 
novaculite of McCurtain County, Oklahoma, | The 
solution of the sheared and stretched-out radio- | this li 
larian capsules has been quantitatively minor /stones 
(Pl. 3, fig. 1). Furthermore, the dark novacu- |l¢ © 
lites at both Black Knob Ridge and in McCur- fee 
tain County are generally sparse in siliceous |" 
organisms and all of their silica could not have nie | 
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‘resulted from solution of siliceous remains. 


On the basis of available data, it must be )by ch 
concluded that the abundance of siliceous or- | memb 
ganisms in some beds of the Arkansas novacu- | Télicts 
lite is a response to a favorable environment | the ch 
resulting from the high silica content of the | UPPér 
waters in which the Arkansas novaculite was | McCu 
deposited. | depos: 

Silicified limestone theory—Proponents of | jis Cor 
this theory consider that the Arkansas novacu- | posite 
lite was wholly, or to a large extent, limestone dolom 
at the time of deposition. They believe that | pl: 
silicification was largely epigenetic, resulting silicifi 
from deep burial and intensification of meta- for m: 
somatic action in the Ouachita orogeny. easily 

This theory may have been aided by the wide | Hor 
distribution of the whetstones made from the | !38-1, 
lower and calcareous upper members of the}« 4 
Arkansas novaculite. Petrographic study  {novact 
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edge of the field relations or lithology of the 
remainder of the formation, may have misled 
proponents of this theory. 

The upper member of the novaculite in west- 
er Arkansas and in McCurtain County, Okla- 
homa contains many small rhombohedra and 
irregularly shaped aggregates of calcite and 
manganiferous carbonate. The carbonate is well- 
preserved only in unweathered specimens— 
{where weathered out and removed by solution 
\there is, at places, a residuum of hydrous iron 
oxides. Honess (1923, p. 130-134) considered 
that some of the opaque material replacing the 
|carbonate is pyrolusite and that the original 
carbonate is rhodochrosite. He believed also 
that the carbonate was replacing the silica of 
[the novaculite. Hendricks et al. (1937, p. 11) 
} 


confirm this but state that: 


la .. the uniformly high silica content and the ab- 


sence of any remnants of carbonate material other 
than clearly secondary crystals similar to those de- 
jscribed by Honess leads to the conclusion that the 
novaculite is an initially siliceous deposit and not a 
replacement of limestone or other material.” 


} There is yet another possible explanation for 
this lithologic type. Selectively silicified lime- 
stones are common at many places in the Paleo- 
zoic of the Mid-Continent region, and com- 
— silicification avoids the dolomite crystals 
in slightly dolomitized limestones. Minute dolo- 
‘mite rhombs may be perfectly preserved in 
jTocks in which all the calcite has been replaced 
,by chert. The carbonate rhombs in the upper 
member of the Arkansas novaculite may be 
telicts rather than a secondary replacement of 
the chert. It is not necessary to assume that the 
upper member of the Arkansas novaculite in 
)McCurtain County and western Arkansas was 
\deposited originally as limestone. However, it 
lis considered that some carbonate was de- 
| posited syngenetically with the silica. Incipient 
dolomitization of the calcite may have occurred 
at places, followed by subsequent selective 
silicification of the calcite. This would account 
for many of the lithologic types not otherwise 
easily explained. 

Honess’s theory.—Honess states (1923, p. 
138-139) that: 


“... the lower and upper divisions of the Arkansas 
hovaculite are essentially an accumulation of col- 
loidal silica, precipitated on the sea floor, in some 
manner, through physical-chemical agencies, in 
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marine waters which were more or less murky with 
fine black mud and silt most of the time but which 
were occasionally free from such matters... The 
middle division of the novaculite formation .. . is 
no different so far as the facts indicate from any 
other series of black cherts and black shales and 
need be explained in no other way.” 


Honess discussed the “volcanic ash” in the 
lower novaculite at Cypress Creek, McCurtain 
County, Okla., but ruled out extension of this 
idea to the formation as a whole because of the 
uniformly high silica content of most of the 
novaculite. 

Theory of Miser and Purdue.—Miser and 
Purdue (1929, p. 57) consider that the novacu- 
lite is a chert, and state that: 


‘*... the silica which formed this quartz was de- 
posited in the sea simultaneously with the other 
material of the formation ..., because the novacu- 
lite is overlain, underlain, and in part interbedded 
with beds of clay shale so impervious that they 
would have prevented the free circulation of the 
underground water necessary to introduce from 
other sources the large amount of silica required 
as replacement material. To be sure, the extensive 
jointing of the shales has made them somewhat 
pervious, so that in places the underground water 
circulates in them freely, but the usual even dis- 
tribution of the silica everywhere in any particular 
layer or bed of the novaculite precludes the possi- 
bility that it was introduced subsequent to the 
jointing. Besides, the jointing of the novaculite beds 
themselves shows that these beds were siliceous 
when the jointing took place.” 


They conclude that the source of the silica 
was chemical precipitation. 

Theory promulgated in this paper—The lack 
of agreement as. to the origin of the Arkansas 
novaculite probably resulted from insufficient 
petrographic study of the formation as a whole. 
Actually, the Arkansas novaculite is a highly 
variable complex of sediments and many fac- 
tors were involved in its origin. The most im- 
portant and controversial factor is the source 
of the silica. We consider that Devonian-Mis- 
sissippian volcanism resulted in extensive ash 
falls during a time of relative peneplanation 
when little detrital sediment was being supplied 
to the Ouachita geosyncline. Submarine weath- 
ering (halmyrolysis), prolonged over long pe- 
riods of time, removed readily soluble elements 
and converted the ash to nearly pure opaline or 
“isotropic” silica. Radiolaria and _ siliceous 
sponges thrived in the high-silica environment 
and their remains are preserved in the siliceous 
sediments. There was probably a normal marine 
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environment during most of the time of deposi- 
tion, but occasionally stagnant bottom condi- 
tions prevailed and sapropelic high-silica sedi- 
ments containing spore exines were deposited. 
Intermittent increases of stream gradient 
caused the deposition of clastic detritus far out 
in the geosyncline and resulted in the inter- 
bedded shales and scattered thin sandstones. 
Some parts of the upper Arkansas novaculite 
must nave been déposited in subaerial or pos- 
sibly tidal flat conditions, as stumps of Cal- 
lixylon standing in an upright position have 
been observed at several places. Furthermore 
one set of thin sections of a chert nodule from 
the upper part of the novaculite in the Potato 
Hills reveals sheaflike crystal aggregates that 
were considered by Waldemar Schaller (per- 
sonal communication) to be silica replacements 
of an undetermined saline mineral that grew in 
a mud. Such material might be expected to 
form on a tidal flat. 

Colloidal isotropic silica, under the influence 
of deep burial for long periods of time, would 
tend to lose water and crystallize into chalce- 
donic and cryptocrystalline silica. This tend- 
ency was reinforced by geosynclinal down- 
warping and the subsequent Ouachita orogeny. 
It is considered that the novaculite of Black 
Knob Ridge is only slightly metamorphosed 
and closely approximates the lithology of the 
original sedimentary sequence, whereas, as 


shown by Miser (1943), the novaculite of Mc- - 


Curtain County and western Arkansas has been 
subjected to strong dynamic metamorphism. 


Origin of the Siliceous Shales 


It is considered that the silica of the siliceous 
shales of the Stanley, Jackfork, and Atoka for- 
mations was derived from submarine weather- 
ing of volcanic ash, and that they were prob- 
ably deposited in a lime-poor habitat. The re- 
stricted fauna of siliceous organisms (radiolaria, 
sponge spicules) and chitinous and phosphatic 
organisms (linguloid and orbiculoid brachio- 
pods, conodonts) suggest that the sea in which 
the siliceous shales were laid down was high in 
silica and unfavorable to calcareous organisms. 
Many of the siliceous shales are thinly varved, 
suggesting slow deposition in quiet water. 
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There are rapid alternations at some places 
from dark, carbonaceous or sapropelic, pyritif- 
erous siliceous shale deposited in a reducing 
environment to glauconitic siltstone containing 
fossils that were originally calcareous and ap- 
parently deposited in a normal marine environ- 
ment. Large amounts of finely macerated to} unu: 
fairly large fragments of plant material are|spict 
present locally in the siliceous shales and arefSapr 
common in the associated sandstones and) 3- 
shales. Sandstone dikes have been noted in the|/denl 
Moyers siliceous shale. meni 
The lenses of chert conglomerate intercalated | tion< 
at places in the Moyers, Chickasaw Creek, andj them 
Wesley siliceous shale may be highly signif-§ 4 
cant. These intraformational conglomerate} 0s 
lenses include a variety of rock fragments, but/low 
granules and sand-size fragments of siliceous| 5. 
shale and chert similar in lithology to the en-jgene 
closing sediments predominate. This suggests, It 
that deposition was just below wave base and|of 01 
that rare exceptional storms (or minor changes Pive 
in sea level) broke up and eroded the shales and {silica 
incorporated the resultant fragmentary par- of Vv« 
ticles into the later shale layers. appa 
In addition to intermittent eruptions of vol-|tivel; 
canic ash, a brief hiatus in the supply of coarse | to th 
detrital sediment may have been involved in| lentil 
the formation of the siliceous shales. They are | depo: 
much finer-grained than the surrounding sedi- pParet 
ments, although they may grade abruptly into|but i 
sandstone or siltstone. This suggests that there down 
were short periods of quiescence in the early|sedin 
stages of the sinking and deformation of the|The : 
Ouachita geosyncline, allowing the ash falls to lack 
be concentrated within a few feet of slowly)sdim 


are | 


deposited strata rather than disseminated overf™ent 

hundreds of feet of more quickly deposited) tiona 

coarser sediments. result 

Summary dom 

these 

Although there are conspicuous lithologic dif- - 
that 


ferences between the Bigfork chert, Arkansas 
novaculite, and the siliceous shales of the Stan- from 
ley, Jackfork, and Atoka formations, certail 
characteristics suggest a common or related of the 
origin. Some of these are: inate 

1. Calcareous fossils are rare whereas silice- j¥@0in 
ous and chitinous forms such as conodonts, 
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environ- 


graptolites, sponge spicules, and radiolaria are 
very abundant in some beds. 

2. Normal sedimentary deposits such as 
sandstones, limestones, and gray marine shale 
are subordinate in the siliceous formations to 
rated to} unusual rock types such as radiolarian chert, 
rial are|spiculitic chert, novaculite, sapropelic chert, 
and arefapropelic black shale, and siliceous shale. 

3. All of the siliceous sediments appear sud- 
denly, generally overlying normal clastic sedi- 
ments of geosynclinal facies, and pass grada- 
rcalated| tionally in some cases into the beds overlying 
eek, andj them. 
signifi, 4. Field evidence suggests that all the silice- 
lomerate ous sediments were deposited in relatively shal- 
nts, but/low water which became stagnant at times. 
siliceous; 5. All the siliceous sediments maintain their 

the en-/ general lithologic character over long distances. 
suggests It is considered that the siliceous sediments 
yase and jof Ouachita facies formed as a result of extru- 
changes ive vulcanism and that the source of their 
ales and |silica was submarine weathering (halmyrolysis) 
iry par- of volcanic ash. All of the siliceous sediments 
apparently were deposited at times when rela- 
tively little clastic sediment was being supplied 
f coarse | to the “Ouachita geosyncline.” The Hatton tuff 
olved in| lentil in the lower part of the Stanley shale is a 
are| deposit of volcanic ash possibly similar to the 
ing sedi-pparent material of the cherts and novaculites, 
»tly into[but it was laid down during a time of active 
at there} downwarping, was buried quickly by clastic 
he early|sediments, and was never converted to chert. 
of the} The abundance of siliceous organisms and the 
. falls to}lack of calcareous organisms in the siliceous 
f slowly|sediments resulted from the high-silica environ- 
ted overfment. The abrupt lower contacts and grada- 
eposited tional upper contacts of the siliceous sediments 
resulted from a sudden beginning and spas- 
modic diminution of volcanic activity. The 
dominance of unusual sedimentary types in 
these formations is due in part to the abundant 
supply of volcanic ash, and in part to the fact 
that little clastic material was being derived 
from the low-lying land-masses of Bigfork and 
Arkansas novaculite times. The siliceous shales 
of the Stanley, Jackfork, and Atoka formations 
apparently represent minor recurrences of 
waning Devonian-Mississippian vulcanism, 
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each possibly accompanied by a brief hiatus in 
the deposition of coarse clastic sediments. 

Subsequent to their deposition, all the silice- 
ous sediments have been affected by epigenetic 
redistribution of part of their silica, partly be- 
cause of the dynamic metamorphism of the 
Ouachita orogeny, and partly because of sur- 
face exposure. 
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SAN ANDREAS, GARLOCK, AND BIG PINE FAULTS, CALIFORNIA 


A Stupy oF THE CHARACTER, History, AND TECTONIC SIGNIFICANCE 
OF THEIR DISPLACEMENTS 


By Mason L. Hitt T. W. Jr. 
ABSTRACT 


The Big Pine left lateral fault extends northeastward from Big Pine Mountain to the right lateral San 
Andreas fault, while the left lateral Garlock fault extends northeast from the San Andreas, but from a 
point 5 miles to the southeast. The Big Pine fault is considered the western segment of the Garlock fault 
as offset by the San Andreas. Movement on this Garlock-Big Pine fault zone appears to have caused the 
anomalous east-west trend of the San Andreas fault in this vicinity. 

Tens of miles of lateral movement have probably occurred on these faults with the possibility of a cu- 
mulative movement on the San Andreas of hundreds of miles since Jurassic time. Such distances are im- 
portant elements in reconstructing paleogeologic conditions. 

The three concurrently active, long, steep, and deep faults are considered major conjugate shears which 
define a primary strain pattern of relative east-west extension and north-south shortening of an area of 
approximately 120,000 square miles. A northeast-southwest counterclockwise compressive couple, pos- 
sibly set up by drag due to the deep-seated movement of rock material from the Pacific region, is tentatively 
postulated as causing the deformation in this large region. 
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INTRODUCTION 


Recent work shows, contrary to previously 


published maps, that the Big Pine fault, on the 


#south slope of Big Pine Mountain, extends 


1tortheastward to the San Andreas. This work 
was done by the junior author (Dibblee) in 


| 1947, on photographic and topographic base 
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maps, as part of an oil-exploration program. 
The characteristics of the fault were recognized 
as possibly of regional tectonic significance 
which stimulated further studies by Dibblee 
and Hill (1948) upon which this presentation 
is founded. 

The first part of the discussion presents evi- 
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dence on the character and amount of the dis- 
placements of the faults with particular empha- 
sis on interpretations of the history of the San 
Andreas fault; the second part deals with inter- 
pretations of relationships between these faults 
and their bearing on some other structural fea- 
tures of the region; and the third part analyzes 
the mechanics of the deformation and timidly 
suggests some genetic concepts and conclusions. 

Most of the facts concerning the faults dis- 
cussed are generally known, but some new data 
and interpretations lead to conclusions, par- 
ticularly concerning the San Andreas fault, that 
are not now orthodox. These conclusions are 
mainly tentative and are offered for the criti- 
cism of other workers. 

Acknowledgment is made to the Richfield 
Oil Corporation, for permission to publish, and 
to A. O. Woodford, Duncan A. McNaughton, 
John C. Crowell, Rollin Eckis, John Shelton, 
and John H. Wiese for criticism of the manu- 
script. 

San ANDREAS FAULT 
Problems 


This great Right Lateral! fault became widely 
publicized after the San Francisco earthquake 
of 1906. At that time a maximum of 21 feet of 
right lateral offset occurred on the San Andreas 
fault (Lawson, 1908). Much geologic study has 
since been devoted to this fault, and it has been 
mapped from Point Arena southeastward al- 
most to Mexico, a distance of about 600 miles; 
however, the history of its displacements is 
still controversial. After nearly 50 years of re- 
search, workers disagree in their answers to the 
following questions: 

1. What is the San Andreas fault? 

Noble (1933, p. 11 says: 


“Tt is marked by a curiously straight and almost 
continuously traceable chain of scarps, ridges and 
trough-like depressions....This line of recent 
topographic features upon the San Andreas fault 


1 The block opposite the observer, as viewed in 
horizontal section, is offset to the right (Hill, 1947). 
The terms right and left lateral are as critical in 
fault nomenclature as normal and reverse; they are 
descriptive of separation rather than definitive of 
slip; they are geometric rather than generic; and 
they are becoming widely used. Some English 
workers (Anderson, 1942, p. 55) use dextral and 
sinistral transcurrent for these types but with a 
slip instead of separation connotation. 
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is commonly referred to as the fault trace. Border- 
ing the fault is a belt of roughly parallel branching 
and interlacing fractures which at some places 
attains a width of several miles. This belt, the San 
Andreas fault zone, is a mosaic of elongated sliver- 
like blocks or wedges whose longer axes trend paral- 
lel with the main fault, so that the dominant struc- 
ture is a sort of slicing... .” 


On the other hand, Taliaferro (1943, p. 160) 
says: 


“Nearly everywhere along the San Andreas there is 
abundant physiographic evidence of recent faulting, 
such as true sag ponds and offset ridges and drainage 
lines. However, along the earlier mid-Pleistocene 
faults (which the San Andreas partially follows) 
there is no similar direct physiographic evidence of 
faulting....It (the San Andreas) has produced 
no important modifications of either the structures 
or topography formed by these (earlier) diastro- 
phisms.... The supposed branches or ‘barbs’ are 
actually earlier faults which were formed by a 
very different type of movement and which may 
be traced across the San Andreas.” 


2. What is the age of the San Andreas fault? 
All workers agree, on the firm basis of earth- 
quake activity and topographic expression, that 
this fault is active. However, there is a distinct 
difference of opinion, in respect to its antiquity. 

Noble (1933, p. 11) says: 


“The fault is a very old line of weakness, upon 
which movements have recurred through Tertia 
and Quaternary time, and perhaps through alk 
of pre-Tertiary time.” 


Taliaferro (1943, p. 161) contends that the 
San Andreas fault had its inception in late 
Pleistocene time and that it, with its unique 
characteristics, should not be confused with the 
older faults which are followed, and occasion- 
ally crossed, by the San Andreas. 

3. What is known about the orientation 
(sense) of displacements of the San Andreas 
fault? All authors have agreed that the latest 
movements have been actually strike-slip with 
the southwest block relatively moving to the 
northwest (right lateral), but here again agree- 
ment stops. Those workers who believe that the 
San Andreas is an old fault differ in opinion on 
the relative importance of vertical and lateral 
components of these earlier movements. Most 
authors, for example Buwalda (1926), Clark 
(1929), Weaver (1949), and Willis (1929), be 
lieve that these earlier movements were pre 
dominantly vertical and that reversals of throw 
have taken place on this and parallel faults 
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4. Does the San Andreas fault zone mark a 
prominent contact between unlike rocks? 
Noble (1933, p. 11-12) says: 
“The profound difference in the rocks on opposite 
sides of the San Andreas fault shows that the fault 
movements have been of great magnitude.... 
Nowhere in the 30 mile sector (north side of San 


Gabriel Mountains) are the rocks on opposite sides 
of the fault similar.” 


Taliaferro (1943, p. 160) says: 


“The San Andreas fault, however, is rarely the 
boundary between these two very diverse types, 
but usually is either wholly within crystalline 
(granitic) rocks or Mesozoic (Franciscan) rocks, 
except where it cuts through either Miocene, Plio- 
cene or Pleistocene sediments.” 


5. What is the order of magnitude of the cu- 
mulative offset on the San Andreas fault? 

Noble (1925-1926, p. 420) says early Tertiary 
strata may have been offset by the San Andreas 
(in a right lateral sense), a total distance of ap- 
proximately 24 miles. 

Taliaferro (1943, p. 161) says: 
‘«’... The horizontal shift (on the San Andreas) has 


been small, and has not been greater than one mile 
and probably even less.” 


The present authors believe that: (1) the San 
Andreas is a steep fault zone of variable width 
consisting of one or several nearly parallel 
faults; (2) its inception was quite likely pre- 
Tertiary, and it is now active; (3) it has prob- 
ably been characterized by right lateral dis- 
placements throughout its history; (4) it marks 
such an important contact that rarely can it be 
crossed, except in Recent alluvium, without 
passing into significantly different rocks; and 
(5) its cumulative displacement of some rock 
units is at least tens of miles, and older rocks 
may have been displaced a few hundred miles. 


Description and Interpretations 


The San Andreas fault is so long that no one 
worker can have a first-hand detailed knowl- 
edge of its characteristics throughout its length. 
The junior author, however, has mapped a 100- 
mile stretch of the fault and associated geology 
in the Salton Sea region and most of the 300- 
mile stretch from the San Emigdio Mountains 
to San Francisco. This work and available maps 
and discussions by others are used in the follow- 


445 


ing outline of significant fault characteristics 
and their bearing on the history of the San 
Andreas fault. 

1. The trace of the San Andreas zone is typi- 
cally continuous and straight (Pl. 1). Topo- 
graphic and geologic features clearly show its 
continuity for about 600 miles. There is evi- 
dence of recent activity along its entire course. 
Excepting a 30-mile segment trending eastward 
in the San Emigdio Mountains, and another 
stretch of similar trend 100 miles to the south- 
east, the zone is remarkably straight from Point 
Arena southeastward nearly to Mexico. These 
aspects of continuity and straightness are con- 
sidered typical of strike-slip faults. 

2. The San Andreas is a steep fault which 
transects major topographic features but de- 
velops all along its course one or several parallel 
trenches, sag ponds, low ridges, saddles, and/or 
scarps. Its steepness is indicated by the straight 
trace, the fact that mapped fault planes are 
nearly vertical, and the failure of near-by drill 
holes to penetrate the zone. These character- 
istics are typical of strike-slip faults. The de- 
velopment of fresh topographic features, many 
of which are in unconsolidated recent sedi- 
ments, and the common lack of appreciable 
vertical or consistent vertical components of 
offset clearly indicate the recency of lateral 
movements. Seismic evidence for recent right 
lateral movements on the San Andreas, as sum- 
marized by Wallace (1949), comprises the fol- 
lowing maximum displacements at the time of 
earthquakes: 30 feet (San Emigdio Mountains, 
1857), 10 feet (San Francisco area, 1868), 21 
feet (San Francisco area, 1906), and 10 feet 
(Salton Sea area, 1940). Geodetic surveys in 
the San Francisco (Whitten, 1948) and Salton 
Sea (Meade, 1948) areas also show this type of 
recent movement. 

3. The San Andreas fault zone ranges from a 
few feet to a few miles in width. Locally a single 
recent trace may be irregular, with 15-degree 
variations in strike within a few hundred feet, 
or it may disappear and be replaced, en echelon, 
by another. Occasionally two or three parallel 
traces widen the zone of recent traces to a maxi- 
mum of about half a mile.. Wider segments of 
the zone consist of several faults (not neces- 
sarily active) which are usually steep and 
nearly parallel to the trend of the zone. These 


= 
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characteristics are considered typical of strike- 
slip fault zones along which recurring move- 
ments have taken place. 

4. The apparent throw is commonly reversed 
along the San Andreas fault as indicated by 
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right lateral offset of terrace deposits on the 
north side of the San Gabriel Mountains, and 
L. F. Noble (personal communication) de- 
scribes similar late offsets in that area of sev- 
eral miles. 


Sy 
u, San Andreas 5 Fault ( s 


FicurE 1.—Ricut LATERAL OFFsET OF DRAINAGE LINES BY THE SAN ANDREAS FAULT 
Elkhorn Hills quadrangle 


topographic and geologic relationships. These 
throws are probably due to the major strike- 
slip component which places in juxtaposition 
unlike topographic elevations and geologic sec- 
tions, and thus the reversals of dip-slip are 
mainly illusory. 

5. Drainage lines are consistently offset in a 
right lateral sense. These offsets are especially 
clear on the southwest side of the Temblor 
Range (Fig. 1) where a maximum of 3000 feet 
of displacement has occurred through recent 
movements on the fault. Wallace (1949, p. 805) 
reports a probable drainage offset of 1}¢ miles 
on the north side of the San Gabriel Mountains, 
and Allen (1946, p. 50) reports 3800-foot offsets 
of drainage lines near the Gabilan Range, also 
in a right lateral sense. ‘ 

6. Recently developed trenches which trend 
southward into the fault have been observed in 
aerial reconnaissance on the southwest side of 
the Temblor Range. These are oriented cor- 
rectly to be tensional in origin and due to right 
lateral movement on the San Andreas. 

7. Locally developed west-northwest trend- 
ing folds adjacent to the San Andreas are obvi- 
ously drag folds resulting from the right lateral 
movement on the San Andreas. Such drag folds 
are especially clear in the Salton Sea Region, 
and, besides indicating the right lateral sense of 
movement on the fault, many of them show by 
their discordance with topographic form that 
the fault was active before the present physio- 
graphic features were developed. 

8. Wallace (1949) reports a probable 6-mile 


9. Between the San Emigdio Mountains and 
the Temblor Range, there are two facies of 
Pleistocene gravels. On the southwest side of 
the San Andreas, the pebbles are granite, gneiss, 
quartzite, limestone, black shale, and sand- 
stone which undoubtedly came from the San 
Emigdio Mountains. On the other side of the 
fault, the pebbles are almost exclusively white 
siliceous shale which probably came from the 
Miocene shale of the Temblor Range. These 
two facies are in direct contact along the San 
Andreas for several miles. Furthermore, the 
northwest end of the crystalline clast facies is 
about. 14 miles northwest of the crystalline 
rocks of the San Emigdio Mountains. These 
relationships thus indicate a right lateral dis- 
placement of approximately 10 miles on the 
San Andreas fault since Pleistocene deposition 
in this area (Fig. 2). 

10. In the Caliente Range, marine sediments 
of upper and middle Miocene age grade lat- 
erally eastward into continental red beds which 
strike into the San Andreas fault, whereas 
strata of the same age are marine shales on the 
other side of the fault. This juxtaposition of 
unlike facies again demonstrates substantial lat- 
eral movement. in this case the general trend 
of the western margin of the continental facies 
in the Caliente Range is northward across the 
Carrizo Plain toward the San Andreas, whereas 
possibly the same transition line may be extra- 
polated southward from along the east side o 
the San Joaquin Valley to the fault. Thus, by 
simple projections the right lateral offset on the 
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Ficure 3.—PossisLtE OFFsETS ON THE SAN ANDREAS FAULT SINCE JuRASSIC TIME 


These time-rock facies ap 


to be offset from the southern San Joaquin Valley area to the positions 


indicated on the west side of the fault. Thus, for example, during Cretaceous time the Fort Ross section 
may have been adjacent to the Temblor Range section. 


fault since upper Miocene time would be about 
65 miles, although the probability of irregulari- 
ties in trend of this facies contact precludes a 
strictly quantitative solution of that cumula- 
tive shift (Fig. 2). Note the comparable offset 
of the upper Miocene “Pancho Rico’’-“Santa 
Margarita” shale, shown in the same figure. 


11. Going back only slightly farther in the 
geologic record, approximately 175 miles d 
right lateral offset may have accumulated 
the San Andreas fault since early Miocene time. 
This is suggested by the unique similarities 0 
rock types and sequences in the San Emigdio 
Mountains, as described by Wagner and Schil- 
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ling (1923), and the Gabilan Range as described 
by Kerr and Schenck (1925), and Allen (1946). 
In each of these areas, a section of lower Mio- 
cene volcanics, red beds, and marine lower 
Miocene and Oligocene strata occurs (Fig. 3). 

12. A similar relationship is suggested by 
some lithologic and faunal similarities between 
the Eocene formations of the Temblor-San 
Emigdio and the Santa Cruz Mountains which 
indicate the possibility of an offset of approxi- 
mately 225 miles since late Eocene time 
(Fig. 3). 

13. Also the southern limit of Cretaceous 
strata in the Temblor Range may match with 
the southern limit of Cretaceous beds near Fort 
Ross which would indicate an offset of approxi- 
mately 320 miles (Fig. 3). This possibility is 
strengthened by the improbability that vertical 
movements were consistent enough to remove 
the Cretaceous strata from such a long belt on 
the southwest side of the San Andreas fault 
zone. Furthermore, the Cretaceous sediments 
which do occur as close as,12 miles southwest 
of the San Andreas in the La Panza Range 
(Pl. 1) are west of other important faults and 
rest on granitic instead of Franciscan basement. 

14. Of great interest would be good evidence 
for offset of the pre-Cretaceous rocks by the 
San Andreas. Perhaps the southward-trending 
contact between the Sierran complex and the 
Coast Range Franciscan complex which is con- 
cealed by the sediments of the Great Valley is 
truncated by the fault in the southern Temblor 
Range with its offset equivalent concealed by 
the sea north of Point Arena. This would 
amount to at least 350 miles of right lateral 
displacement since Jurassic time (Fig. 3). 


Discussion and Conclusions 


The antiquity and amount of movement on 
the San Andreas fault is evidenced by the 
increased offset of older rock facies as matched 
across the fault zone. The possibility of a pre- 
Cretaceous age and a cumulative right lateral 
displacement of several hundred miles is there- 
by suggested. These conclusions are both 
speculative and qualitative but tenable enough 


| to justify further critical work to test their 


correctness and to determine more exactly 
their values. There is, however, no reasonable 


‘| doubt that the fault is at least as old as early 
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Pliocene and that the total right lateral offset 
is at least tens of miles (Figs. 2, 3). 

Of perhaps great significance is the increased 
offset of older rock facies on the west side of 
the San Andreas from their probable counter- 
parts at the southern end of the San Joaquin 
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FicurE 4.—SKETCH SECTION ACROSS THE BEAR 
VALLEY FAULT 


After Wilson (1943, p. 227) 


Valley (Fig. 3). This situation appears to indi- 
cate that one block was actually moving past 
the other. If this were not true the counter- 
parts would also be progressively shifted in 
the opposite direction. A conclusion regarding 
this movement will be presented under the 
subject heading of “Mechanics of the faulting.”’ 

Those workers who maintain that the San 
Andreas refers only to a fault which has been 
active recently and which had its inception in 
late Pleistocene time and those others who 
believe in earlier dip-slip and reversals of dip- 
slip displacement on the San Andreas may be 
skeptical of these conclusions. However, these 
differences in opinion appear to result from 
definitions of the fault and interpretations of 
displacement from cross-section relationships. 
The present authors believe that: (1) in many 
places the San Andreas is a wide zone compris- 
ing several important faults which are parallel 
or nearly parallel to the recent trace, and (2) 
the apparent dip-slip displacements are mainly 
the result of substantial lateral movements 
which put unlike geologic sections in juxta- 
position. 

The Bear Valley fault, east of the Gabilan 
Range (Wilson, 1943, p. 251), illustrates these 
differences in opinion and interpretation. This 
fault is mapped about half a mile southwest of 
the recent trace of the San Andreas and dips 
steeply northeast. It separates middle Miocene 
(Monterey) sediments resting on the Santa 
Lucia granite on the southwest side from a 
section of Plio-Pleistocene (San Benito) gravels 
resting on the Franciscan complex (Fig. 4). 
Wilson’s interpretation is that this “ancestral” 
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San Andreas fault is not the San Andreas be- 
cause it shows no evidence of recent movement, 
it is not vertical, and it is supposed to be char- 
acterized by dip-slip rather than strike-slip 
displacement. According to Wilson the first 
movement, probably Eocene normal faulting, 
elevated the west side causing the Franciscan 
to be removed by erosion. The second period 
of movement was post-Miocene, and, by re- 
verse faulting, the east side was elevated with 
accompanying erosion of all the Miocene strata 
on that block. The third period of movement 
occurred in late Pleistocene or Recent times as 
normal faulting which again elevated the west 
block causing the removal of the San Benito 
gravels. 

The present authors suggest, based on the 
same data and by pinning a little faith on the 
law of uniformitarianism, the following tenta- 
tive interpretations: 

The juxtaposition of granitic and Franciscan 
basement may be the result of a great many 
miles of cumulative lateral movement on the 
fault. The absence of Miocene sediments on 
the northeast side of the fault may be due to 
many miles of right lateral movement so that 
the facies of the southwest block in this area 
were offset far to the southeast. The absence 
of the Plio-Pleistocene gravels on the southwest 
side of the fault in this area may also be due to 
right lateral offset with the possibility that they 
could be found several miles to the northwest 
on that side of the San Andreas. Although no 
recent movement has occurred on the Bear 
Valley fault, it is probably an inactive and 
slightly deformed fracture within the San 
Andreas zone which was characterized by the 
same type of movement as is evidenced along 
the recent trace of that fault. 

It appears then that the significance of the 
Bear Valley fault is debatable. It is discussed 
here only as an example. An alternate inter- 
pretation is suggested in order to focus atten- 
tion on a possibility that seems to have been 
overlooked. If the Bear Valley fault or other 
structures similarly related to the San Andreas, 


such as the Pilarcitos fault in the San Fran. 
cisco area, can be shown to effect substantial 
right lateral offset, it will be reasonable to in- 


clude them in the San Andreas fault zone as a} | 
partial manifestation of the important history} | 
of that zone. Furthermore, it would eliminate} § 


the not too probable interpretations of reversals 
of dip-slip displacements from cross-section 
relationships and the postulation of a unique} 
and new strain-stress environment to explain 
the recent trace of the San Andreas fault. 

The type of evidence used in this paper for 
the cumulative offset on lateral faults is not 
wholly new, nor are the suggested offset dis- 
tances unprecedented. Kennedy (1946) has 
demonstrated 65 miles of strike-slip displace- 
ment on the Great Glen fault in Scotland, and 
the Alpine fault in New Zealand may have 
300 miles of lateral displacement according to 
Wellman (1949 and personal communication), 
Even in California Vickery (1925) determined 
that the relatively minor Sunol (Calaveras) 
fault has had 13 miles of right lateral displace- 
ment since early Miocene time by what appears 
to be a unique match of strata across this fault. 
Furthermore, the cumulative amount of lateral 
movements, which are tangential to the earth’s 
surface, need not be as limited as for high-angle 
dip-slip faults which are necessarily limited by 
gravitational forces. 

Much more work is obviously needed to 
verify qualitatively some of these tentative 
conclusions. Many more possible offsets must 
be analyzed for accuracy and compatibility 
with respect to geologic time and geographic 


distribution before sound quantitative concla- 
sions can be reached. In general, the younger 
rocks should be more easily matched across the | 
fault, but the offsets of older units, particularly 
the pre-Cretaceous crystalline rocks, will be| 
more significant. For example, is the north end 
of the Pelona schist on the north side of the} 
San Gabriel Mountains (Wallace, 1949) offset ) 
160 miles from the north end of the Orocopia 
schist near the Salton Sea (Miller, 1944)? Thea, 
is such an offset commensurate with the poe 
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FicurE 1. TERMINATION OF BiG Pine FAULT AT THE SAN ANDREAS 
View north 
FiGuRE 2. TRENCHES ADJACENT TO GARLOCK FAULT 
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sible offset on the San Andreas north of the 
Garlock-Big Pine fault zone? 

Another worth-while line of research is the 
study of rates of movement on the San Andreas 
fault. Geodetic work has demonstrated a right 
lateral movement in the San Francisco Bay 
region averaging 2 inches a year since the sur- 
| vey of 1880 (Whitten, 1948). Another method, 
} based on offsets at the time of earthquakes, 
} suggests an average movement along the entire 

length of the fault of about 0.2 inch a year 
since 1857 (Wallace, 1949). Now, from the 
| probable and possible offsets described above 

and the available calculations of geologic time 

in years, the rates of movement come out in 
| fractions of an inch per year, as follows: 0.25 
isince Miocene, 0.2 since lower Miocene, 0.3 
since Eocene, 0.29 since Cretaceous, and 0.2+ 
| since Jurassic time. These figures are surpris- 
lingly consistent and therefore may possibly 
be taken as evidence that the rate of movement 
has been rather uniform for some 100 million 
years. On the other hand, the geodetically 
determined rate is nearly tenfold greater than 
these geologically controlled figures. However 
| this great rate might be anomalous because of 
the short time involved, the short length of the 
fault involved, the inclusion of the large dis- 
placement of 1906, and/or movements outside 
the fault zone. 


GaRLocK FAULT 


The Garlock fault extends from the San An- 
|dreas northeast and east-northeast for 150 
| miles (Pl. 1). It, like the San Andreas fault, 

transects topographic features, dips steeply, 
and has apparent variations of throw along its 
| course. 
Hess (1910, p. 25) first described and named 
| the fault and indicated its type locality as just 
| north of Garlock Station. Hulin (1925) was the 
| first to suggest lateral displacement. He used 
} the offset of a contact as possible evidence for 
ft left lateral displacement of approximately 
| Omiles. 
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The present authors followed this fault zone 
from its junction with the San Andreas north- 
eastward for 150 miles by airplane and saw 
many well-defined offsets of drainage lines. 
These are all in a left lateral sense and com- 
monly a distance of 2000 feet (Pl. 3). Also seen 
on this air reconnaissance were trenches in old 
alluvium in the vicinity of Garlock Station, 
immediately north of the fault trace (Pl. 2, 
fig. 2). These parallel trenches, approximately 
40 feet deep, 150 feet wide, and 2000 feet long, 
trend S. 30°W. into the N. 60°E. trending 
Garlock fault trace. Their characteristics, in- 
cluding orientation and proximity to the Gar- 
lock fault, suggest gash fractures produced by 
tensional stresses adjacent to a major shear zone. 

These striking evidences of recent and actual 
left lateral movement have, surprisingly, not 
hitherto been emphasized in the geologic litera- 
ture. However, Wiese and Fine (1950, p. 1652) 
report at least 2 miles of left lateral offset on 
the Pinon Hill fault (a subparallel branch of the 
Garlock on the south side of the Tehachapi 
Mountains), and D. F. Hewett (1950) describes 
new evidence for recent offset on the Garlock 
fault zone east of Garlock Station. Thus the 
sense and recency of movement on this great 
fault are considered firmly established. The time 
of initiation and the total amount of left lateral 
offset on the Garlock fault are not yet known. 


Bic Pine FAvuLt 


Nelson (1925, p. 379-380) first mapped and 
described the Big Pine fault as it occurs on the 
south side of Big Pine Mountain. He sketchily 
mapped the fault from here some 15 miles 
eastward. Later, Reed and Hollister (1936, 
p. 94-96) extended the fault to the southeast, 
as it is likewise shown on the Geologic map of 
California (Jenkins, 1938). The present map- 
ping shows that this southeastward extension 
is in error, but that the fault does extend in a 
clearly revealed trace northeastward to the San 
Andreas (Pl. 2, fig. 1). Now it is evident that 
Nelson’s east-west portion of the fault and this 


Pirate 3. GARLOCK FAULT 
Ficure 1. Lert LATERAL OFFSET OF DRAINAGE LINES 
Seven miles northeast of Garlock Station. 
Ficure 2. Lert LATERAL OFFSET OF DRAINAGE LINES 
Ten miles northeast of Garlock Station. 
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newly mapped and equally long northeast- 
trending portion gives the Big Pine fault a 
length of 50 miles and establishes it as a major 
fault of the region. 

The extended portion of the fault trends 
N. 65°E., with steep dips varying from north- 
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cency of displacements. Figure 5 shows three 
such offsets, two of which are displaced approxi- 
mately 3000 feet. 


3. East-west trending drag folds adjacent to} i 


the Big Pine fault indicate left lateral displace- 
ment (PI. 4). 


3000 FT. 


= : 
> \ \ 


west to southeast and with the throw appar- 
ently reversing along its course. At its type 
locality,? 9 miles southwest of Mt. Pinos, the 
fault separates Miocene continental beds from 
Eocene marine strata to the south (Pl. 4). Here 
the fault strikes N. 60°E. and dips 70°S. Stria- 
tions have been found on slickensided planes 
of the fault zone which are 70° clockwise from 
the direction of dip. 

This left lateral fault has a prominent strike- 
slip component of displacement as indicated by 
the following field observations: 

1. The oblique-slip striations in the fault 
zone indicate a predominant strike-slip com- 
ponent of displacement and their orientation 
combined with the orientation of apparent 
throw indicates that the southeast side has 
moved northeastward and up the 70-degree 
fault plane. On this evidence alone the fault 
should be classified as a “left lateral reverse,” 
but, since reversals of dip and apparent re- 
aa versals of throw occur along the fault trace, the 
appearance of reverse faulting at the type 
locality is not significant. 

2. Left lateral offsets of drainage lines along 
the Big Pine fault indicate the sense and re- 


2A type locality is picked as recommended by 
Buddenhagen ef al. (1930). 


Ficure 5.—Lerr LATERAL OFFsET OF DRAINAGE LINES BY THE Bic PINE FAULT 
Morro Hill and Reyes Peak quadrangles 


4. Left lateral offset of approximately 8 miles 
since Miocene time is suggested by the possible 
displacement of a major syncline and a north- 
west-trending fault contact between Eocene 
and Miocene strata (Pl. 4). 

5. The continental facies of the Miocene, 
together with its fanglomeratic members ex- 
tends farther west on the north side of the Big 
Pine fault than on the south side (PI. 4). 

6. A well 14 miles southwest of Mt. Pinos 
and just north of the fault (Pl. 4) encountered 
continental Miocene conglomerate on granitic 
basement which matches a similar sequence on 
the south side of the fault 14 miles to the east. 

The time of initiation of the Big Pine fault 
is unknown, but its age must be substantial, 
considering the probable minimum cumulative 
displacement of approximately 8 miles. 


RELATIONSHIPS OF THE FAULTS 


The more important aspects of the San An- 
dreas, Garlock, and Big Pine faults, for the 
present analysis, are as follows: 

1. The faults are essentially contemporé 
neous, as attested especially by the recency a 
their displacements. 

2. The faults are major structures of the re 
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gion, as attested by their great lengths and 
probable great cumulative displacements. 

3. Of the three fault zones, the San Andreas 
is dominant, and its trend predominates in the 
regional faulting. However, the Big Pine and 
subparallel Santa Ynez faults separate the 
northwest-trending Coast Ranges from the 
east-west trending Transverse Ranges, and the 
Garlock fault separates the Basin and Range 
region from the Mojave Desert province. 

4. The Big Pine and Garlock faults are on 
the same trend and are alike in the character 
of their displacements, as attested by the evi- 
dence for left lateral movement on each. 

5. The San Andreas right lateral fault zone 
intersects, at a substantial angle, the Garlock- 
Big Pine left lateral fault zone. 

Based on these data, the more important rela- 
tionships between the faults appear to be as 
follows: 

1. The Big Pine fault is probably the offset 
extension of the Garlock fault since its essential 
characteristics are the same as the Garlock, 
since it is the only major left lateral fault in 
the area, and since it abuts the San Andreas 


_jat a point northwest of the west end of the 


Garlock fault, as is consistent with the right 
lateral movement on the San Andreas. Nolan 
(1943) expressed the opinion that the Garlock 
fault should be found about where the Big Pine 
fault is now mapped but to his knowledge it 
did not occur. He concluded that, if the Gar- 
lock fault did exist west of the San Andreas, 
it might be offset to the southeast and if so 
would indicate an anomalous (left lateral) 
movement on the San Andreas. Finding what 
was reasonably expected has fortunately then 


, | ciminated the possibility of an unlikely reversal 


of movement on the San Andreas. Furthermore, 
this shift of 5 miles is in accord with the 5-or 
6-mile offset of terrace deposits by the fault 
50 miles to the southeast (Wallace, 1949). 
2. The big bend in the trace of the San 
Andreas, that east-west trending portion 
(Pl. 1), occurs where abutted by the Garlock 
and Big Pine faults. This anomalous trend is 
now readily explained by the left lateral move- 
ment on the Garlock-Big Pine fault zone. Even 
the total amount of roughly 25 miles of offset 
due to the bend is not, in the opinion of the 
writers, out of line with the possible amount of 
left lateral offset on the Garlock-Big Pine zone. 
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3. Another big bend of the San Andreas 
occurs in the San Bernardino Mountains, ap- 
proximately 100 miles southeast of the bend de- 
scribed above (Pl. 1). Here possible left lateral 
movement on the “Warrens Well” fault may 
be responsible for this other anomalous trend 
of the San Andreas fault. Critical work on the 
“Warrens Well” fault would quite likely estab- 
lish the merit of this inference. 

4. Another speculation is that the San 
Gabriel fault (Pl. 1) is an ancestral portion of 
the San Andreas. This fault, which occurs south 
of the Big Pine, extends southeastward on trend 
with that portion of the San Andreas which 
lies north of the Big Pine fault. Thus the San 
Gabriel fault may have been the southeastern 
continuation of the San Andreas before the big 
bend was developed. The fact that, according 
to Crowell (1950), the San Gabriel fault shows 
evidence of less recent activity than the present 
San Andreas is a reasonable consequence of 
such a possibility. Along this line of thinking, 
the San Jacinto fault (Pl. 1) could be conceived 
of as also being an earlier representative of the 
San Andreas in this southern area. Thus the 
San Jacinto® fault would be younger than the 
San Gabriel fault and perhaps older (although 
still active) than the present trace of the San 
Andreas. Likewise the Calaveras and Hayward 
faults might perhaps be the earlier initiated 
manifestations of the San Andreas fault zone 
in the San Francisco Bay region (Pl. 1). It is 
further suggested that the cumulative right 
lateral displacement on this greater San Andreas 
fault system could be of a magnitude of several 
hundreds of miles. This concept is strengthened 
by Crowell’s report (1952) of 15 to 25 miles of 
right lateral movement on the San Gabriel fault 
alone, and duringa short interval of geologic time 
(between late Miocene and late Pliocene). Such 
a possibility is obviously shocking, particularly 
when considering its effect on paleogeographic 
maps which straddle this zone. 

Substantiation of the interpretation that the 
Big Pine and Garlock faults comprise one fault 
zone is not necessary to the probability that the 
bend of the San Andreas is related to their left 
lateral movements or vital to the following 


3 Five miles of right lateral movement is indi- 
cated on the San Jacinto fault (Arnett, 1949), and 
the localization of Jurassic (?) alaskite dikes in the 
fault zone indicates its early origin (Sprotte, 1949). 
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analysis of the mechanics of the regional de- 
formation. It is, however, essential that the Big 
Pine and Garlock once comprised one continu- 
ous fault if used as evidence of 5 miles of right 
lateral offset on the San Andreas. However, 
since the sense and magnitude of the displace- 
ment on the San Andreas from other evidence 
is compatible with this offset of the Garlock- 
Big Pine trend, the probability is that a con- 
tinuous line of faulting actually did at one time 
exist. Also, the interpretations concerning the 
other big bend of the San Andreas or the pos- 
sible historical connections between either the 
San Gabriel or San Jacinto faults and the San 
Andreas are not essential to the primary theses 
of this presentation. 


MECHANICS OF THE FAULTING 
Introduction 


The geomorphology of California ranges 
from high precipitous mountains to low plains 
(Pl. 1). The larger so-called valleys are usually 
structural depressions (basins), and many are 
separated from the mountains by important 
faults. The geomorphic provinces are also 
usually geologic provinces, with the main moun- 
tain ranges characterized by highly deformed 
older sediments, metamorphic and plutonic 
rocks, and the basins characterized by thick, 
younger and less deformed sedimentary sec- 
tions (Pl. 1, insert map). Although there are 
many exceptions, owing in part to the intense 
and wide-spread late Pleistocene tectonic 
activity, some of these geomorphic-geologic 
provinces have persisted through at least most 
of the Tertiary period, and therefore some of 
the bounding faults are probably of consider- 
able age. 

The principal rock types of California, classi- 
fied according to characteristic response to 
deformational stresses, are as follows: 

1. Sierran basement complex (pre-Creta- 
ceous): metasedimentary and metavolcanic 
rocks, intensely deformed and widely invaded 
by granitic rocks. Because of physical simi- 
larity, the Santa Lucia granitics and meta- 
morphics of the southern Coast Ranges and 
the complexes of the Transverse and Peninsular 
ranges belong in this group. These are rela- 
tively rigid rocks which fail locally by fractur- 
ing and, since they or rocks like them are 
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extensively exposed and are presumably 4g 
state-wide occurrence at depth, their mechan} 
cal behavior is tectonically important. 

2. Franciscan basement (pre-Cretaceous); 
sedimentary and volcanic rocks, regionally 
unmetamorphosed but highly indurated, com. 
monly intruded by basic igneous rocks which 
are usually altered to serpentine and have 
caused local metamorphism. These rocks are 
exposed in large areas in the Coast Ranges; on 
the northeast side of the San Andreas fault, 
and also on the west side of the Nacimiento 
fault zone. They presumably underlie a much 
greater area but are probably in turn underlain 
by granitic rocks. The Franciscan, unlike the 
granitic basement, is typically incompetent. 
Although in places intensely fractured, often 
before being covered by later Jurassic or Cre- 
taceous strata, and usually in fault contact 
with the other principal rock types, its response 
to deformational forces has been characterized 
by folding. 

3. Cretaceous and Cenozoic sedimentary 
and volcanic formations: mainly marine clastic 
sediments with local volcanics and nonmarine 
deposits, not strongly lithified and of extremely 
variable thicknesses and facies. Deposited in 
large and small basins; locally highly deformed, 
especially during the late Pliocene-Pleistocene 
revolution in the Coast and Transverse Ranges, 
and in uplifts in the Mojave Desert and Salton 
Sea regions. These rocks form a pliable mantle 
on the above-described complexes and have 
therefore responded to tectonic forces pri- 
marily by folding, particularly where the sedi- 
mentary section is thick or where underlain by 
Franciscan basement. 

The San Andreas, Garlock-Big Pine, and 
other similar faults are obviously at odds with 
the geomorphic-geologic provinces and _ the 
structural characteristics of the rock types of 
the region. The unique nature of these faults 
is shown by their transection of the geomorphic- 
geologic provinces and by their transection of 
all the principal rock types, without significant 
variations. 

There are many important northwest-trend- 
ing steep faults in California which are approxi 
mately parallel to the San Andreas, and 
which are probably also characterized by major 
right lateral components of displacement (PI. 1). 
Several of these are present in the northem 


= 
Rye: 
¢ 
i 
a 
a 
a 
1 
| 
@ 
| 
ial 
4 
+ 


ably 
nechan} 


aceous); 
gionally 
d, com- 
which 
id have 
ocks are 
nges; on 
is fault, 
simiento 
a much 
nderlain 
like the 
npetent. 
d, often 
or Cre- 
contact 
esponse 
cterized 


nentary 
e clastic 
imarine 
‘tremely 
sited in 
formed, 
istocene 
Ranges, 
1 Salton 
mantle 
id have 
ses pri- 
he sedi- 
rlain by 


ne, and 
ds with 
nd_ the 
-ypes of 
e faults 
20rphic- 
ction of 
nificant 


t-trend- 
upproxi- 
1s, and 
y major 
t (PI. 1). 
.ortherm 


; 
+ 
& 
i 
4 if 


BULL. GEOL. SOC. AM., VOL. 64 ‘ HILL AND DIBBLEE, PL. 4 


4 E.'4 SANTA YNEZ QUAD. & MT. PINOS QUADRANGLE 

E 


\NNS 


. 
PINE 


~~ 
PLS 
REYES 724 
so 
Lis 
fe) 5 10 MI. MARINE OLIGOCENE TO 
SCALE 


CRETACEOUS TO EOCENE 


BC-| BASEMENT COMPLEX 


MAP OF BIG PINE FAULT AND ASSOCIATED STRUCTURES 


ro) 
® Wl, TEJON QUAD. 
= 7 355 
\ 
| 2 
34°30°= 
EY) 


HILL AND DIBBLEE, PL. 4 


MT. PINOS QUADRANGLE 


119°30' 


E. ‘4 SANTA YNEZ QUAD. 


W.'y, TEJON QUAD. 


—119°00' 


AN ANN 


MARINE ‘OLIGOCENE TO 
CONTINENAL | PLEISTOCENE 


CRETACEOUS TO EOCENE 


BASEMENT COMPLEX 


MAP OF BIG PINE FAULT AND ASSOCIATED STRUCTURES 


‘ BULL. GEOL. SOC. AM., VOL. 64 ° 
35% 
4 10 MI. 


‘4, 
scrib 
San 
k 
J 
acting 
a 3 Trans 
= — mit usual] 
eastw 
. 
a the C 


MECHANICS OF THE FAULTING 455. 


coast Ranges, but they have not been de- 
scribed in detail. In the southern Coast Ranges, 
they include the Calaveras, Hayward, Pilar- 
citos, San Gregorio, San Marcos, Reliz Canyon, 
San Juan, and Suey faults, and the long Naci- 
miento fault zone; in the Transverse Ranges, 
the San Gabriel and San Jacinto faults; in the 
Los Angeles Basin, the Whittier and Inglewood 
faults; and, in the Peninsular Ranges, the San 
Jacinto and Elsinore faults. The several north- 
west-trending faults in the Mojave Desert and 
in the Basin and Range province, some of which 
are known to affect right lateral offsets, prob- 
ably also belong in this group. The faults of 
this set are much more common than the east- 
northeast set of lateral faults. 

The important east-northeast trending lat- 
eral faults which, like the Garlock-Big Pine 
zone, probably have significant left lateral dis- 
placements, include the Santa Ynez, White 
Wolf, possibly the Malibu Beach, faults in the 
northwestern portion of the San Gabriel Moun- 
tains, the ““Warrens Well,” and faults on Santa 
Rosa and Santa Cruz Islands. The faults of 
this set are most common in the Transverse 
Ranges. Other faults of both sets are quite 
likely present on the continental shelf. 

Confusion should not exist, although it 
surely does, between these sets of steep lateral 
faults and those many other faults, both large 
and small, which indicate vertical relief or local 
adjustments due to secondary or superficially 
acting forces. 

Large west-northwest trending thrust and 
reverse faults are especially common in the 
Transverse Ranges but they can, perhaps 
usually, be differentiated from the east-north- 
eastward trending Garlock-Big Pine set by 
degree of dip and orientation of trend. Further 
confusion will undoubtedly likewise continue to 
exist between the thrust and reverse faults of 
the Coast Ranges and the San Andreas type 
faults. This is particularly true because super- 
ficially and locally acting forces are certain to 
modify the dips and strikes of the steep north- 
west-trending right lateral faults. 

Strong folding of Cretaceous and Cenozoic 
strata is very common in both the Coast and 
Transverse ranges. In the Coast Ranges, the 
main folds and associated faults typically trend 
a little westward from the northwest San 
Andreas trend. In the Transverse Ranges, the 


main fold axes typically trend a little north of 
west in contrast to the east-northeast trend of 
the Garlock-Big Pine set and again the major 
thrust and reverse faults are approximately 
parallel to the folds. 

It is here hypothesized that the folds and 
accompanying thrust and reverse faults of the 
Coast and Transverse ranges are shallow struc- 
tures compared to the steep, and surely deep, 
lateral fault system. This concept furthermore 
suggests that these folds and faults which affect 
upward relief are secondarily related to the 
deep-seated forces which presumably developed 
the lateral fault system of nearly horizontal 
relief. Other minor faults and folds of diverse 
trends are even less directly related to the 
primary regional forces. As an example, the 
Kettleman Hills anticline of the southern 
Coast Ranges is a minor structure compared to 
the San Andreas fault zone, but the faults on 
it are still more local and superficial and thus 
more remotely related to the regional tectonic 
forces. 

To ascertain the orientation of deformational 
forces which develop even minor structures is 
fraught with difficulties, but in such analyses, 
based on good mapping and sound principles 
of mechanics, lies the possibility of taking the 
Coast Ranges of California out of the defeatist 
category of a “heterogeneous mobile belt”. 


Strain Pattern 


Since the Garlock-Big Pine and San Andreas 
fault zones are the major fracture features of 
the region, and since they are concurrently 
active, they are probably genetically related. 
Then since the displacements of these inter- 
secting fault zones show a systematic relative 
east-west extension and north-south shortening, 
their common origin seems to be an inevitable 
conclusion. Therefore, these fault zones are 
considered to comprise a “strain pattern’ or 
system which is the result of a particular set 
of deforming forces. 

This strain pattern is considered to be the 
primary fracture system of the entire region 
because these are the long faults (measured in 
hundreds of miles); they are deep faults (at’ 
least 10 miles as indicated by the usual calcu- 
lated depth of foci of earthquakes in this re- 
gion); and they are probably the faults of 
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maximum cumulative displacement. Other 
large faults such as the San Gabriel, Naci- 
miento, and Santa Ynez (Pl. 1) may be nearly 
as directly related to the primary regional 
stresses, but the multitude of smaller faults 
and folds are undoubtedly in secondary or 


Ficure 6.—SAN ANDREAS AND BiG Prne-GARLOCK 
STRAIN SYSTEM 


AA’ axis of relative extension; CC’ axis 
of maximum shortening 


tertiary order strain systems which are only 
indirectly related to the primary stress pattern. 

The diagram (Fig. 6) of the northwest-trend- 
ing San Andreas right lateral shear zone and 
the northeast-trending Garlock-Big Pine left 
lateral shear zone shows the CC, axis of short- 
ening and AA, axis of relative extension. This 
strain pattern is geotectonically important 
because its size of approximately 600 x 200 
miles makes it a respectable sample of the 
earth’s crust. Even this area of systematic 
deformation may be, however, only a portion 
of a much larger unit or even of secondary or 
tertiary order in relation to the primary strain 
systems of the crust. The amount of deforma- 
tion since the inception of this shear system is 
probably also geotectonically important, but 
no conclusive evidence is now known by which 
to date the first displacements or determine 
the total cumulative movement on either of 
the fault zones. 

Supposing, however, as now seems tenable, 
that the right lateral displacement on the San 
Andreas amounts to several hundred miles and 
the left lateral displacement on the Garlock- 
Big Pine zone totals several tens of miles, some 
of the consequences should be as follows: 
(1) The San Andreas was initiated first and 
much movement occurred on it before the 
inception of the Garlock-Big Pine fault; (2) 
After the Garlock-Big Pine was established, it 
caused the big bend in the San Andreas and 
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was offset by the San Andreas; and (3) The 
Garlock-Big Pine zone interrupted the con- 
tinuity of displacement on the San Andreas 
and thereafter the north-south wedges actually 
moved toward each other. 

If one side of the San Andreas has actually 
done most of the moving, indicated by the 
progressive offsets of Figures 2 and 3, there now 
appears to be a basis for determining which 


was the mobile block. Thus after the inception | 


of the Garlock-Big Pine zone and assuming 
crustal shortening, the north-south wedges 
have been moving toward each other. Therefore 
it seems probable that the east side of the San 
Andreas north of the Garlock fault has actually 
been moving, as has the west side south of 
the Big Pine fault (Fig. 6). 


Stress Pattern 


The character and orientation of the forces 
responsible for the primary strain pattern of 


this large region are not readily definable. | 
Even in this fortunate case where the fault 


characteristics and relationships clearly show 
a pattern of deformation, there are many 
orientations of deforming forces which could 
cause the observed deformation. An example in 
which the character and orientation of deform- 
ing forces are more obvious is in the case of 
“feather joints” (Cloos, 1932) where the frac- 
tures can be related to secondary forces which 
arise from known movements. In the case of 
the subject ‘region, however, we are dealing 
with the major known deformation and thus 
cannot know the character and orientation of 
the causal forces. On the other hand, by know- 
ing the deformational pattern of this region, 
it may be possible to resolve its relationship to 
a larger strain pattern which may in tum 
indicate the stress pattern in this region. 

At present, however, only general deductions 
may be made. The first of these is that the 
deformation is probably the result of com- 
pressive stresses because: (1) experimental 
work shows that rocks are brittle enough s0 
that tensional stresses would be apt to cause 
tensional fractures instead of this shear pattern, 
and (2) regionally important thrust and re 
verse faults and folds show prominent crustal 
shortening (and prominent upward relief with 
the AA, axis of extension locally oriented verti- 
cally). Thus, assuming compressive stresses, 
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the possible effective orientations (Fig. 7) are 
north-south oppositional forces, or a northeast- 
southwest counterclockwise couple, or a north- 
west-southeast clockwise couple. The northeast- 
southwest counterclockwise couple is favored 


FicurE 7.—StrEss SYSTEMS FOR SAN ANDREAS 
AND Bic Prne=GARLOCK FAULTS 


F, direct compression; counterclockwise rota- 
tional compression; F; clockwise rotational com- 
pression. 


because this orientation could perhaps more 
logically cause both the prominent northwest- 
trending folds of the Coast Ranges and the 
east-west folds and reverse faults of the Trans- 
verse Ranges (by upward relief in combination 
with the north-south shortening of the major 
shear pattern). With directly acting north- 
south compression, a more nearly equal mani- 
festation of the shear sets would be expected, 
whereas the northwest right lateral set greatly 
predominates in this region. Likewise a north- 
west-southeast clockwise couple is unlikely 
because, where local upward relief occurred, 
the folds would be likely to trend northeast- 
southwest, whereas the general trend of folds 
in the Coast Ranges is northwestward. 


GENETIC CONCEPTS AND CONCLUSIONS 


Because the San Andreas and Garlock-Big 
Pine fault zones are major structures of great 
length, depth, displacement, and age; because 
they constitute a strain pattern of north-south 
shortening; because the probable orientation of 
causal forces is northeast-southwest; and be- 
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cause these forces are operative at great depth, 
a drag mechanism due to flowage of rock mate- 
rial from the Pacific basin to the continent of 
North America may be the primary reason for 
deformation in this region. 

The mechanical effect of subcrustal convec- 
tion currents, a presently favored concept (Gil- 
luly et al., 1951), may have caused this defor- 
mation. Such a drag effect near oceanic margins 
could, then, be responsible for the permanence 
and growth of continents, development of geo- 
synclines, deformation of geosynclinal deposits, 
association of metamorphic and igneous rock 
facies with orogeny, development of mountain 
roots, and possibly, the development of major 
lateral fault systems. 

If the major lateral fault system described 
here is really so directly related to primary 
forces of deformation, much advancement in 
the understanding of geotectonics may be ex- 
pected by the world-wide study of such faults. 
Perhaps faults with lateral displacements of 
hundreds of miles could even be responsible for 
some geologic relationships which seem to 
require land bridges. 

Entirely apart from these speculations, the 
following conclusions are attained. First, the 
mapping of the faults and the evidence for the 
sense of the displacements are considered 
reliable. Second, the essential contemporaneity 
of the faults is considered to be proved. Third, 
this pattern of conjugate shears with opposing 
centripetal and centrifugal moving wedges is 
believed to be mechanically sound. Fourth, this 
strain system shows definite north-south short- 
ening and relative east-west elongation of, 
during its activity, at least tens of miles and 
affecting a crustal area of at least 120,000 
square miles; as such it is of significant propor- 
tions with respect to earth deformation. Fifth, 
this strain system is, as far as known, compat- 
ible with lesser structural features in the region 
and has in itself set up stress conditions which 
have developed lower-order strain systems. 
This major tectonic pattern in California may 
thus provide a satisfactory framework for the 
understanding of many elements of deforma- 
tion within this region. Sixth, if deformation 
in other large areas proves to be compatible, 
it may ultimately be possible to develop a 
system of primary geotectonic forces. Hope- 
fully this approach could, in conjunction with 
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other lines of research, culminate in a usable 
theory of the causes of earth deformation. 

Before the geologic history of California is 
satisfactorily established, much more critical 
mapping is needed, especially to determine 
the sense, duration, and amount of lateral 
movements on faults. Displacements which 
are measured in miles will have significant 
effects on paleogeologic and paleogeographic 
maps, and even those‘which are measured only 
in thousands of feet may, for example, be very 
critical in studies of the distribution of sedi- 
mentary facies. As these data accumulate, we 
can expect to attain a more nearly complete 
story of the dynamic geologic history of the 
region. 
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TERTIARY GEOLOGY OF THE GALISTEO-TONQUE AREA, NEW MEXICO 
By Cuartzs E. STEARNS 


ABSTRACT 


The Galisteo-Tonque area lies on the east margin of the Rio Grande Depression, in north-central New 
Mexico. It extends from the north end of the Sandia Mountains to the south end of the Sangre de Cristo 
Mountains. 

The Eocene Galisteo formation, deposited by streams flowing southwest from the Sangre de Cristo 
Mountains, was buried by volcanic detritus deposited in great alluvial fans peripheral to contemporary 
eruptive centers in the Ortiz Mountains and Cerrillos Hills. Surface volcanism was accompanied and fol- 
lowed by emplacement of stocks, laccoliths, sills, and dikes, the larger bodies localized in a north-south 
line, marked by the present Cerrillos Hills, Ortiz, San Pedro, and South Mountains. Igneous activity 
heralded and accompanied regional deformation, during which broad, northward-plunging, faulted folds 
were formed in a block north of a northeast-trending fault system. 

Oligocene (?) deformation and igneous activity were followed by a period of erosion, interrupted locally 
by extrusion of limburgite and basalt flows (Cieneguilla limburgite). Subsequent broad warping in the 
early (?) Miocene led to deposition of alluvial and lacustrine beds in a sedimentary basin centering north- 
west of the Galisteo-Tonque area, in the Rio Grande Depression. Detritus was contributed locally to the 
basin from highlands eroded in the areas of Oligocene uplift, and tuffaceous materials in a part of the basin 
probably represent the distal end of the Abiquiu tuff fan, spread from contemporary centers of eruption in 
northernmost New Mexico. 

Deposition of the Santa Fe formation in the same basin continued during the Miocene and Pliocene. 
The Abiquiu tuff fan was buried by arkosic fans built southwestward from the Sangre de Cristo Moun- 
tains. During the late Pliocene, movement began on some of the normal faults bounding the present Rio 
Grande Depression. The boundary faults outline a structural depression coincident with the earlier basin 
of deposition in a general way, but differing considerably in detail. The diastrophic movements were re- 
flected first by lithologic changes in the Santa Fe formation, and eventually by the change from deposition 
to erosion in the Rio Grande Depression. 
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INTRODUCTION (Stearns, 1943; 1952b) are summarized here. 
Subsequent deformation is described in some 
The present study began as an investigation detail as are the late Tertiary rocks and their 
of the late Tertiary history of the Rio Grande tructure. 
Depression and its contained deposits, extend- The readily accessible Galisteo-Tonque area 
ing the general ousvey undertaken by the late has been the object of considerable recon- 
Kirk Bryan and his students. The Galisteo-  naissance and some detailed study. References 
Tonque area lies on the margins of the Santo to early exploration are included in detailed 
Domingo Valley (Fig. 1), studied in detail by reports on the Cerrillos Hills (Johnson, 1903), 
Bryan and Upson (unpublished manuscript), on the mining districts of the Cerrillos Hills, ’ 
and in the area of offset between the Albuquer- Ortiz and San Pedro Mountains (Lindgren, | 
que-Belen basin of central New Mexico and Graton, and Gordon, 1910, p. 163-175), and| 
the related basin system trending northward , the Cretaceous rocks (Lee and Knowlton, 
from Santa Fe into southern Colorado. , 1917, p. 201-217). Excellent summaries and a 
Extensive exposures of the early Tertiary geologic map were published by Darton 
Galisteo formation, enhanced by the discovery (1928a, p. 94-103, 255-266; Pl. 24). Recent) 
of vertebrate fossils in it, offered the promise gtudies of the Paleozoic stratigraphy in much L 
of elucidating the earlier Tertiary history of an of New Mexico (Read and Wood, 1947) have} Lo 
area adjacent to the Rio Grande Depression, jncluded the Galisteo-Tonque area. Bryan and 
thereby implementing comparison of early and Upson (unpublished manuscript) included por} _ Red 
late Tertiary stratigraphic and structural his- tions of the area in their study of the adjacent Close a 
tories. Accordingly, our attention was drawn Santo Domingo Valley; their unpublished mate- bi 
from the Rio Grande Depression proper into rial has been placed at the writer’s disposl “a. 
the area marginal to it. Descriptions of the both in manuscript and in conference with the sie 


early Tertiary sedimentary and igneous rocks 


senior author. 
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INTRODUCTION 


The area wes re-mapped on planimetric 
drainage maps (scale 1 inch to the mile), com- 


_ piled from aerial photographs by the Soil 
' Conservation Service. Field locations were 
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Redrawn from Darton (1928b). Galisteo-Tonque area (PI. 1) is outlined by solid line; dashed lines en- 
Close area shown in Figure 7 (Structures of the Pre-Abiquiu (?) rocks). 
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GEOGRAPHIC SETTING 


The Galisteo-Tonque area includes about 
900 square miles in Sandoval and Santa Fe 
counties (Fig. 1). It is dominated by three 
north-south mountain ranges, arranged en 
échelon, two of them lying principally outside 
the area mapped. These are the Sandia Moun- 
tains, long cited as a typical fault block; a chain 
of hills carved largely from intrusive igneous 
rocks, including the Cerrillos Hills, Ortiz, San 
Pedro, and South Mountains; and the sprawl- 
ing Sangre de Cristo Mountains. The lesser 
heights of Glorieta Mesa continue southward 
from the Sangre de Cristo Mountains, as an 
eastern topographic boundary to the area. 

Peripheral to the highland areas are wide- 
spread remnants of the Ortiz pediment, an 
ancient, dissected erosion surface. Both topo- 
graphic uniformity and an associated, thick, 
gravel deposit emphasize the physical discon- 
tinuity provided by these remnants between the 
highland areas and the lowland areas, carved 
principally by tributaries to Galisteo and 
Tonque Creeks. 

Galisteo Creek enters the area at Lamy, on 
the boundary between the Sangre de Cristo 
Mountains and Glorieta Mesa, and flows south- 


’ to the Ortiz Mountains. 


west to the town of Galisteo. The town occupies 
the center of the broad Galisteo Lowland, ex- 
cavated in Cretaceous and early Tertiary rocks 
below the high-level Santa Fe Plateau to the 
north and Estancia Valley to the south. Cerro 
Pelon, carved from a thick sill, isolates a smaller 
lowland to the southwest, the Canyada Las 
Jollas (Pl. 1), from the Galisteo Lowland 
proper. 

Galisteo Creek flows northwestward from 
the Galisteo Lowland, through a gap between 
the Ortiz Mountains and Cerrillos Hills at Los 


Cerrillos to the Santo Domingo Valley, in 
which it joins the Rio Grande. North of the 
Cerrillos Hills, the Santa Fe Plateau merges 
with the basalt-capped Mesa Negra de La 
Bajada. The west edge of the Mesa Negra is 
the La Bajada escarpment, overlooking the 


Santo Domingo Valley. Santa Fe Creek funnels 
the drainage of the northern portion of the! 
Santa Fe Plateau, in a canyon cut through the 
Mesa Negra, to the Santo Domingo Valley, in 
which it joins the Rio Grande. 

The Tonque Valley is eroded in Cretaceous 
and early Tertiary rocks in the saddle between 
the Sandia and Ortiz Mountains. Its drainage 
is carried northwestward around a low prong 
extending northward from the Sandia Moun-} 
tains. The Tonque Valley is separated from the 
Santo Domingo Valley by low spurs extending 
northwest from pediment remnants peripheral 


PrE-TERTIARY Rocks 
Iniveduction 
The pre-Tertiary rocks (Fig. 2) of the Galis- | 
teo-Tonque area are of interest to the present] 
study as source materials for the Tertiary sedi-| 
ments and for the light which they shed upon’, 
general structure. The following paragraphs 
draw freely upon published descriptions, sup-| 
plemented in a few cases by observations by! 
the writer. 


PERAAIANI 


PRE-CAMBRIAN| ? PENNSYLVANIAN 


Precambrian of the 
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The basement complex of the Galiste-| white 
Tonque area is a variety of igneous and meta) gray , 
morphic rocks, generally regarded as Precam-) est m 
brian. These rocks form the rugged west scat) out sc 


| | 
q | 
| 

| 
| | 
3 
a 


PRE-TERTIARY ROCKS 463 
cupies 
MAP | FORMATION _ |THICK- 
id, ex- AGE NAME NESS LITHOLOGIC CHARACTER 
7 rocks 
to the 
Cans MESAVERDE | oto 
: FORMATION | tooo! Sandstone, shale, and coal 
smaller 
la Las 
owland 
— | Sandy shale, abundant large |i concretions, thin 
S lenses of sandstone. 
1 from Kmve 800'to CANO 4 formation (sandstone) 
present only in Tonque Valley. 
etween 4 Km tee Sandy shale, abundant limestone concretions. Thin lenses 
ley, in « MANCOS Paper-thin sandstone and sandy shale. 
a 
of the 2 HALE 
merges Kma2 500'+ Dark shale 
de La —7 UANO LOPEZ MEMBER: Dark, thin-bedded limestone. 
fegra is CARLILE SH.: Dark shale, locally prominent sandstone beds, 
ing the Km, GREENHORN L.S.: Platey dark limestone, weathers gray. 
NEROS SH.: Dark shale, locally prominent dst beds. 
DAKOTA (7) FM. : 
=) 
500'+ Buff to white sandstone; intercalated variegated shale 
ugh the < 
illey, in WANAKAH FM. | Basal limestone; variegated shale ' 
ENTRADA x Buff, pink, and white sandstone 
‘taceous 3 R_ | DOCKUM GROUP | 800'+ ‘| Red and variegated sandstone and shale 
between Cc GLORIETA S.S. | 1s0'+ Yellow calcareous sandstone, local conglomerate and limestone 
lrainage 
N prong YESO FORMATION | 400'+ Light red sandstone, siltstone, and shale 
Moun-} |2 
< 
rom the = 
ctending Cay ABO 
ripheral FORMATION |''°°* = Sandstone, arkose, and shale, Predominantly red in color 
? w| "Arkosic limestone” member 
| $ cra <Z Limestone and yellow or green sandstone 
a 
1e Galis- 5 GROUP 450'2 $5 "Gray limestone" member 
> +] Massive limestone, abundant chert 
present 
edi 1 125' <<-| Sandia formation: sandstone, shale, subordinate limestone 
ary Sedl- tw 0-125' Unnamed unit: massive limestone with clastic beds at base _| 
ed upon’, 
|g 
ragraphs | = p-€ ESSN Quartzite, gneiss, schist, granite 
ms 
tions by 
Ficure 2. STRATIGRAPHIC COLUMN OF PRE-TERTIARY ROCKS 


| of the Sandia Mountains (Ellis, 1922, p. 21-29). 

\ Distinctive among them are massive, bluish- 
Galist| white quartzite and coarse-grained, pink or 
nd mets} gray granite. The latter is probably the young- 
Preca- est member of the complex. Similar rocks crop 
est scatf, out south of the Galisteo-Tonque area, on the 


gentle east slope of the Sandia Mountains, and 
in a broad area west of South Mountain 
(Fig. 1). 

Precambrian rocks form most of the foot- 
hills of the Sangre de Cristo Mountains in the 
northeast portion of the area. Here, pink or red 
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granite-gneiss is abundant, but schists of vari- 
ous types occur. 


Pennsylvanian Series 


Magdalena group.—The Precambrian crys- 
talline rocks of the Sandia Mountains are over- 
lain with strong angular unconformity by 
Pennsylvanian marine strata assigned to the 
Magdalena group. The following summary 
draws freely from a recent repert by Read and 
Wood (1947). 

An unnamed unit, comprising 16 feet of 
green quartz conglomerate and 90 feet of mas- 
sive limestone, occurs locally at the base of 
the Magdalena group in the northern part of 
the Sandia Mountains. Fossils have not been 
found in it, and it may be of pre-Pennsylvanian 


age. 

The Magdalena group proper includes the 
Sandia formation and the Madera limestone. 
They were not mapped separately by the writer, 
but most of the area shown as the Magdalena 
group in Plate 1 is underlain by the Madera 
limestone. The older Sandia formation is prin- 
cipally sandstone and shale, with subordinate 
limestone and conglomerate. Thickness is 
variable; east of Placitas it is about 125 feet. 
The younger Madera limestone, chiefly massive 
limestone, is about 1000 feet thick. Two mem- 
bers are recognized. The lower (“gray lime- 
stone”) member is dominantly limestone, with 
abundant chert both as nodules and as thin 
beds. Beds of yellow or green sandstone are 
interbedded with limestones in the upper 
(“arkosic limestone”) member. On the east 
slope of the Sandia Mountains, red shale is 
also common in the upper member, but it was 
observed at only a few localities in the Galisteo- 
Tonque area. The Madera limestone contains 
Pennsylvanian fossils (Needham, 1937, p. 12; 
Thompson, 1942, Plate 1). 

Scattered outcrops of limestone along the 
base of the Sangre de Cristo Mountains be- 
tween Lamy and Santa Fe are presumably 
equivalent to part of the Magdalena group. 


Permian Series 


Permian rocks crop out near Placitas in a 
belt stretching south from Alamos Altos ranch 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 


along the east base of the Sandia Mountains, 
turning eastward at Canyon Benado. On the 
geologic map (Pl. 1) rocks assigned to the Abo I 
and Yeso formations are not separated. Equiva- | °V® 
lent beds northeast of Lamy, now assigned to | 494 
the Sangre de Cristo and Yeso formations | 2° 
(Read et al., 1944), are also mapped as com- } ro 
bined Abo and Yeso. The overlying Glorieta The 
sandstone, a fine marker, is shown for the pur- | 2"4 
pose of bringing out structural relations. the 
ABO FORMATION: The Madera limestone is | @™ 
overlain conformably by the Abo formation, of R 
comprising chiefly sandstone, arkose, and shale, Mes 
predominantly red. The contact between the | the | 
two formations is transitional, and thin beds of } are 
limestone occur in the base of the Abo forma- | grou 
tion. A few beds of limestone conglomerate 
were observed near the base of the formation. 
The limestone conglomerate and arkose imply 
that both Precambrian rocks and the Magda- Ju 
lena group were exposed to erosion during Abo | “°P 
time (Lee, 1909, p. 13). The limestone con- | sides 
glomerate contains pebbles as much as 2 inches | Mone 
in diameter, and at one locality near Canyon } at Sc 
Benado, an arkose consists of angular, granitic | the O 
fragments half an inch across. It is believed, | Glori 
however, that these beds record erosion outside | New 
the areas mapped. 
The Abo formation is approximately 1000 feet | with 
thick at the north end of the Sandia Mountains | Baker 
(Read et al., 1944, sec. 16); it is probably of | 1939. 
‘Permian age, but the Pennsylvanian-Permian | en; be 
boundary has not been precisely established in Dane, 


this area. 

YESO FORMATION: About 400 feet of light-red { Dieiie 
sandstone and siltstone, with a few thin beds | siade 
of limestone, represent the Yeso formation | teats 
(Read et al., 1944). These beds rest with ap | 
parent conformity upon the Abo formation. j and w 

GLORIETA SANDSTONE: The Yeso formation | SUthe 
is overlain with apparent conformity by about )~° @ 
150 feet of yellow sandstone. Lenses of con- nifor 
glomerate, containing quartzite pebbles 1-3 rounde 
inches in diameter, are common. The beds are locally 
firmly cemented with calcium carbonate, and uniforr 
the sandstone is generally a prominent ridge- 2or3 fi 
former. Thin beds of sandy limestone occu ) and gre 
locally. The Glorieta sandstone is generally A simi 
correlated with sandstones in the base of the Py 
San Andres limestone (King, 1942, p. 688). 31, p. 


3 | | 
| 


tains, 
n the 
> Abo 
Juiva- 
ed to 
ations 
com- 
orieta 
pur- 

yne is 
ation, 
shale, 
n the 
eds of 
orma- 
nerate 
ation. 
imply 
[agda- 
g Abo 


> | 


inches 
anyon 
ranitic 
lieved, 
yutside 


00 feet 
intains 
bly of 
ermian 
shed in 


zht-red 


n beds 
mation 
ith ap 
tion. 
mation 
r about 
of con- 
1-3 


Triassic System 


Dockum group. The Glorieta sandstone is 
overlain by several hundred feet of sandstone 
and shale, generally poorly exposed. The beds 
are principally brick-red, but dark-blue, purple, 
brown, green, yellow, and white beds also occur. 
These rocks underlie part of the Placitas area 
and a wide belt on the west and south sides of 
the Tonque Valley. They are further exposed 
in tributaries of Galisteo Creek north and south 
of Rosario Siding, and extensively in Glorieta 
Mesa. Upper Triassic fossils are reported from 
the latter locality (Romer, 1939). These beds 
are generally correlated with the Dockum 
group of eastern New Mexico. 


Jurassic System 


Jurassic rocks, mapped as a single unit (Pl. 1), 
crop out near Placitas, along the east and south 
sides of the Tonque Valley, in the Galisteo 
Monocline north and south of Rosario Siding, 
at scattered localities on the pediment west of 
the Ortiz Mountains, and on the west flank of 
Glorieta Mesa. The Jurassic rocks of central 
New Mexico, including those of the Galisteo- 
}Tonque area, have been variously correlated 
with those of other areas (Darton, 1928a; 
Baker, Dane, and Reeside, 1936; 1947; Heaton, 


| 1939; Goldman and Spencer, 1941). The pres- 
ent paper follows the latest correlation (Baker, 
| Dane, and Reeside, 1947). 
) ENTRADA SANDSTONE: The red beds of the 
| Dockum group are overlain by 30-120 feet of 
| massive sandstone, generally bipartite. The 
| lower part is fine-grained and red, pink, or pink 
| and white. Its thickness varies, and in the 
| southern Tonque Valley it is apparently absent. 
, The upper part is medium-grained and more 
| uniformly buff in color. It contains numerous 
| rounded and frosted grains of quartz, at least 
| locally. It is universally present, and of rather 
uniform thickness (30-50 feet). The uppermost 
2 or 3 feet of the buff sandstone are thin-bedded 
and grade into the overlying Todilto limestone. 
A similar, bipartite division of the Entrada 
sandstone is reported in adjacent areas (Renick, 
1931, p. 30; Heaton, 1939, Fig. 13; Harley, 1940, 
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p. 22). The Dockum group and Entrada sand- 
stone appear to be conformable. 

WANAKAH FORMATION: The Entrada sand- 
stone is overlain by the distinctive dark-gray, 
very thin-bedded, fetid, Todilto limestone, a 
member of the Wanakah formation. It is 5-15 
feet thick in the Galisteo-Tonque area. In many 
localities, bedding planes are intricately con- 
torted. Near Tonque and in the Galisteo Mono- 
cline, the limestone is overlain by 40-100 feet 
of massive gypsum. In the southern part of the 
Tonque Valley, however, and on the east side 
of the Galisteo Lowland, massive gypsum is 
absent. In these areas, the upper part of the 
limestone is massive rather than thin-bedded. 
The Todilto limestone and overlying gypsum 
are probably equivalent to the Curtis formation 
of Utah. 

Immediately overlying the gypsum are 100- 
150 feet of maroon shale, containing a few 
lenses of buff or white sandstone. At least in 
part, these beds are presumably also equivalent 
to the Wanakah formation of southwestern 
Colorado. 

MORRISON (?) FORMATION: The Wanakah 
formation is succeeded by 400-600 feet of thick 
sandstones—gray, white, or buff—with inter- 
bedded shales of various hue. Locally, the sand- 
stones are pebbly or conglomeratic. In the 
Tonque Valley, numerous pebble lenses contain 
highly polished, varicolored, siliceous pebbles. 
The pebbles apparently correspond to the 
“gastroliths” of the Morrison formation in 
other areas, although an origin independent of 
dinosaurian digestion seems probable (Stokes, 
1942). Entirely similar pebbles occur in the 
early Tertiary Galisteo formation of the Galis- 
teo-Tonque area (Stearns, 1943, p. 305). On 
the east side of the Galisteo Lowland, con- 
glomerate lenses are numerous and coarse. The 
contained pebbles are of siliceous types, and in 
many cases subrounded to subangular. 

The dominantly sandstone beds overlying the 
Wanakah are provisionally assigned to the 
Morrison (?) formation, but their equivalence 
to the Morrison formation of other areas is by 
no means established. It is entirely possible 
that they are equivalent in part to the Purga- 
toire formation (Lower Cretaceous) of eastern 
New Mexico. 
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Upper Cretaceous Series 


Upper Cretaceous rocks underlie most of the 
Galisteo Lowland, the Galisteo Monocline west 
of Los Cerrillos, the Tonque Valley, and the 
Placitas area. They comprise two broad, gener- 
ally recognizable, units, a lower section of shale, 
with subordinate sandstone and limestone, 
commonly called the Mancos shale, and an 
upper section of sandstone, shale, and coal 
commonly called the Mesaverde formation. 
In addition, sandstones at the base of the Man- 
cos shale are commonly separated as the Dakota 
(?) formation, although precise equivalence of 
the beds so named has not been established. 
These rocks have been described in some detail 
(Lee and Knowlton, 1917, p. 201-217; Rankin, 
1944; Stearns, 1952a). 

In the present study, three subdivisions of 
the Mancos shale were mapped to illustrate the 
general structure. The first subdivision includes 
the several formations recognized by Rankin 
below the Juana Lopez member of the Carlile 
shale, a fine horizon-marker (Rankin, 1944, 
p. 26). The Dakota (?) formation and Green- 
horn limestone are also mapped separately in 
the Galisteo Monocline and the Galisteo Low- 
land. The boundary between the second and 
third subdivisions is a striking lithologic change 
within beds of Niobrara age from dominantly 
argillaceous shale to dominantly arenaceous 
shale and thin sandstone. 

DAKOTA (?) FORMATION: The Dakota (?) 
formation in the southern part of the Tonque 
Valley comprises 6-25 feet of well-bedded, 
brown, siliceous sandstone, forming a prominent 
hog-back. In the Galisteo Monocline and on 
the east side of the Galisteo Lowland, car- 
bonaceous shales interbedded with gray-white 
sandstone at the base of the Mancos shale were 
mapped as Dakota (?). However, comparable 
beds are not present in many localities, and 
mapping the formation as a continuous unit in 
the Galisteo-Tonque area is a generalization 
not consistent with field data. 

GRANEROS SHALE: The Graneros shale com- 
prises 200-250 feet of dark shale and subordi- 
nate sandstone. In most localities, a brown, 
thin-bedded, siliceous sandstone 5-30 feet 
thick (Tres Hermanos sandstone) forms a 
prominent hog-back at about the middle of the 
section. 
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GREENHORN LIMESTONE: The Greenhorn 
limestone is represented by 30-40 feet of inter- 
bedded limestone and calcareous shale. As many 
as twelve thin limestone beds occur in the 
Galisteo Lowland; no more than one bed is 
persistent in the Tonque Valley. 

CARLILE AND NIOBRARA SHALES: The great 
thickness of shale lying between the Greenhorn 
limestone and the Mesaverde formation is 
principally equivalent to the Carlile and Nio- 
brara shales of standard nomenclature. The 
shales are poorly exposed; a few thin but per- 
sistent sandstone beds serve as local horizon 
markers. The Carlile-Niobrara contact is not 


marked by a mappable lithologic horizon, but | 


the Juana Lopez member of the Carlile shale is 
a close approximation to it (Rankin, 1944, 
p. 26). This member, about 6 feet of inter- 
bedded arenaceous shale and very thin-bedded, 


arenaceous, fetid limestone, forms a low but very ! 


persistent hog-back 300-475 feet above the 
Greenhorn limestone and marks the break 
between “lower Mancos shale” and “middle 
Mancos shale” in Plate 1. 

The Juana Lopez member is overlain by 
about 500 feet of argillaceous shale (“middle 
Mancos shale’’). A succeeding zone of sandy 
shale and paper-thin sandstone, commonly ex- 
posed in a rounded hog-back or series of hog- 
backs, was chosen as the base of the“upper 
Mancos shale” (Pl. 1). This zone is 250-300 feet 
thick, and is overlain by 800-1000 feet of more 
or less sandy shale. Thin lenses of sandstone 
are common in the upper part of the shales in 
the Tonque Valley, and the Cano sandstone 
member of the Mesaverde formation is con- 
tained within them. 

MESAVERDE FORMATION: The Mesaverde 
formation comprises massive buff-white to 
brown sandstone, brown or black carbonaceous 
shale, and coal. In the Tonque Valley, the first 
massive sandstone characteristic of the forma- 


tion is the Cano sandstone member (Stearns, | 
1952a), a tongue interbedded with the upper | 


part of the Mancos shale. Its thickness in- 
creases southward from 25 feet in the Arroyo 
Pinovetito to at least 220 feet southeast of 
Hagan. It was not recognized in the Galisteo 
Monocline and the Galisteo Lowland. 
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and of the entire Mesaverde formation in other 
inter- | parts of the area, varies considerably. Maxi- 
many | mum thicknesses of about 1000 feet are pre- 
n the | served near Hagan and near Madrid; in the 
ed is 
lw SANTA FE FORMATION, est. 2000 feet 
great 1 z Loose to moderately cemented, poorly sorted 
shorn || 2 silt, send and gravel (fan deposits); clean, 
2 well-rounded gravel (river deposits) ; 
on is a andesite and basalt flows (Cerros del 
a Rio and Mesa Santa Ana) 
Nio- | | 2 
The wi: ABIQUIU (7) FORMATION, 0 to 1500 feet 
t per- z Clay, silt, sand and fine gravel; wedge 
of water-leid tuffs near Le Bajada. 
rizon $f 
is not : CIENEGUILLA LIMBURGITE, O to 600 feet ; 
Limburgite and basalt flows, interbedded cong. 
1, but || 
ale is ESPINASO VOLCANICS, 400 to 1500 feet 
3 Water-laid volcanic debris, subordinate 
1944, wi: Ss} massive flows and pyroclastic breccie. 
inter- || § 
dded, || # 
< 
t very 
© the e GALISTEO FORMATION, 900 to 4500 feet. 
¢ Variegated beds of clay, shale, sand, 
break || 5 dstone, and conglomerate; minor 
niddle 2 je gi of limestone and water-laid 
uffs. 
niddle | 
sandy | Ficure 3. SrRaTIGRAPHIC COLUMN oF TERTIARY 
ly ex- } Rocks 
f hog- 
‘upper {north half of the Galisteo Lowland, the forma- 
0 feet |tion was entirely removed by pre-Galisteo 
f more | erosion. 
dstone 
ales in Earty TERTIARY Rocks 
dstone 
[om Introduction 
4 Early Tertiary sedimentary rocks (Fig. 3; 
spe. © \Pl. 1) crop out near Placitas, in the Tonque 
ite 1) Valley, 3 miles south of Rosario Siding, in the 
aceous }La Bajada escarpment, near La Cienega, and 
ne first /in a broad area between the Cerrillos Hills, 
forma- |Ortiz Mountains, and Lamy. The following 
tearns, | brief summaries are taken from earlier descrip- 
upper | tions (Stearns, 1943; 1952b). 
ess in-| 
Arroyo Galisteo Formation 
of 
valisteo The Upper Cretaceous rocks of the Galisteo- 
Tonque area are overlain unconformably by 
of the the Galisteo formation of late Eocene age. The 
Galisteo formation comprises 900 to at least 
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467 


4000 feet of sandstone, sand, clay, and shale, 
generally variegated in color, with minor 
amounts of conglomerate, fresh-water lime- 
stone, and water-laid tuff. The beds were de- 
posited by rivers flowing into and through a 
broad basin, which was deepened and enlarged 
by warping ccatemporary to deposition. A 
persistent horizon of massive conglomerate, 
containing well-rounded pebbles of limestone 
and other rock types, can be recognized at 
many localities in about the same stratigraphic 
position. 

Vertebrate fossils from the uppermost part 
of the Galisteo formation have been dated as 
Duchesnean; one fossil locality lies in beds 
transitional to the overlying Espinaso volcanics. 
The Galisteo formation thus in large part post- 
dates the better-known Paleocene and Eocene 
deposits of the San Juan Basin (Simpson, 1948). 
However, the Galisteo formation is very thick 
and probably includes beds which range well 
down into the Eocene; more adequate paleon- 
tologic data are needed to fix the time limits 
of deposition. 


Espinaso Volcanics 


The Galisteo formation is overlain conform- 
ably by the Espinaso volcanics, comprising 
water-laid breccia, conglomerate, and tuff, with 
massive flows and explosive material in sub- 
ordinate amount. Rock types represented by 
flows and phenoclasts of the Espinaso volcanics 
range from andesite to quartz latite, but con- 
spicuously porphyritic latites and quartz 
latites are by far the most abundant. The rocks 
are predominantly bluish-, reddish-, and brown- 
ish-gray. The bulk of the formation is water- 
laid; flows are thin and rare at distances of 
5 miles from the presumed centers of eruption. 
Deposition of the Espinaso volcanics succeeded 
that of the Galisteo formation without break, 
and the two formations are in many localities 
separated by a zone of transition. However, 
the Espinaso volcanics record disruption of the 
earlier, integrated drainage and burial of the 
earlier basin of deposition by alluvial fans 
radiating from centers in the Ortiz Mountains 
and the Cerrillos Hills. Present thickness of 
the Espinaso volcanics varies because of mid- 
Tertiary erosion; a maximum thickness of 


1400 feet is preserved in the Espinaso Ridge, 
north of the Tonque Valley. 

Red volcanic conglomerate, gray water-laid 
tuff, and andesite flows, believed to be part of 
the Espinaso volcanics, are exposed at several 
localities along the base of the foothills of the 
Sangre de Cristo Mountains south of Santa Fe, 
notably in the Arroyo Hondo (Pl. 1). These 
beds overlie Precambrian rocks directly and are 
believed to have béen deposited in part of the 
highland area of Galisteo time. 


Intrusive Igneous Rocks 


Intrusive igneous rocks of early Tertiary age 
are exposed in a north-south line of hills from 
near La Cienega to South Mountain. The in- 
trusives include vents active in Espinaso time 
and related plutons of diverse form (Stearns, 
1952b). Sills and dikes petrogenetically related 
to the larger intrusions of the line of hills crop 
out in the Tonque Valley, Galisteo Monocline, 
and Galisteo Lowland. Intrusive activity in 
the Galisteo-Tonque area occupies the same 
interval as does strong deformation of the pre- 
Abiquiu (?) rocks, described in a later section 
(Pre-Abiquiu (?) Deformation). 


Cieneguilla Limburgite 
A series of basalt flows, most of them feld- 
spar-free limburgites, with minor amounts of 


interbedded basaltic (?) tuff and streamlaid - 


conglomerate, overlies the Espinaso volcanics 
in the vicinity of La Cienega (Pl. 1). The flows 
were probably extruded in part from a local 
vent, represented by a plug underlying Cerro 
Segura. The Cieneguilla limburgite appears to 
rest on an erosion surface of considerable irregu- 
larity cut in the late Eocene Espinaso vol- 
canics, and is older than the Miocene Abiquiu 
(?) formation. Presumably equivalent rocks 
crop out in the canyon of Santa Fe Creek, in 
the La Bajada escarpment north of Highway 
85, and in Huerfano Butte, northeast of 


Hagan (PI. 1). 
Late Tertiary Rocks 
Introduction 


The Rio Grande Valley, between Embudo 
and Socorro, is underlain in large part by de- 
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formed alluvial deposits of late Tertiary age, 
These deposits are concealed over large areas 
by younger alluvium mantling old erosion} In 
surfaces, and by alluvium and slope wash asso.| the 
ciated with the present cycle of erosion. The} possé 
name Santa Fe formation (Santa Fe marls)} comp 
was given by Hayden (1869, p. 167-170) to} lying 
beds exposed in the vicinity of Santa Fe. The} in cc 
vertebrate fauna found in the type locality is off of hi 
upper Miocene and lower Pliocene age (Wood} finer- 
et al., 1941, Pl. 1). Recent studies have at} wash 
tributed the bulk of the deformed alluvial} nantl 
deposits in the Rio Grande Valley to the same) inter! 
formation. However, the time equivalence oj This: 
various beds studied in various areas has notj of th 
been precisely established, and contained fossil} quiu 
range from late Miocene to late Pliocene in age Abia 
(Bryan and McCann, 1937; Denny, 1940a4 the k 
Needham, 1936; Wright, 1946). the € 

The various beds assigned to the Santa ‘ are cl 


formation “conform in their arrangement to aj as Al 
geographic position consistent with the laws of} Ea: 
deposition in basins” (Bryan, 1938, p. 205)} the A 
The work of Bryan and his students has more POSUr 
or less established the thesis that the Santa Fe °t- 
formation was deposited in a series of basins beds j 
related to the modern Rio Grande Depression. Outer 
This thesis can be argued most successfully for? sie 
late Santa Fe time when the several basins nat = 
were integrated by a through-flowing river, the b ae 
ancestral Rio Grande. Much of the Santa Fe whale 
formation consists of alluvial fan material, de- leather 
posited by tributaries to this river. Interbedded) 5 
lava flows record ancient centers of local vd-} canics 
canic eruption. pers 
Older alluvial deposits, commonly more or} porph 
less tuffaceous, have been mapped as part of] The p 
the Santa Fe formation in some areas, and in} gener: 
others separated as distinct formations. These) well-r: 
earlier deposits may not be equivalent to each, the G 
other in time, and the geography of the basins) comm 
in which they were deposited has not beetl Grave 
established. Their present association with the) rotten 
Santa Fe formation in areal distribution sug} across 
gests a spatial association of the basins i) withor 
which they were deposited with those of the} beds < 
later Santa Fe. However, the present associ} of con 
tion may be in part the fortuitous resulto} Fin, 
post-Santa Fe deformation, which outlined th) lower 
present Rio Grande Depression. scatter 
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In the Galisteo-Tonque area, as elsewhere, 
the lower portion of the late Tertiary beds 
possesses persistent differences of color and 
composition which set it apart from the over- 
lying beds. Exposures are generally gray-white, 
in contrast with the rather uniform pink-buff 
of higher beds. The lower beds are generally 
- (Wood) finer-grained, better sorted, and more cleanly 
ave at. washed. Although the lower beds are predomi- 
alluvial) nantly arkosic, a wedge of water-laid tuff is 
he all interbedded with them at La Bajada (Pl. 1). 
lence of} This tuff is believed to be a southward extension 
has not of the water-laid volcanic débris named Abi- 
d fossil} quiu tuff (Smith, 1938, p. 944-952). The name 
ein a Abiquiu is therefore tentatively assigned to 

1940a4 the lower portion of the late Tertiary beds of 
the Galisteo-Tonque area, but as these beds 
anta ‘ are chiefly nontuffaceous, the name is extended 


nt to a as Abiquiu (?) formation. 

laws off East of the Espinaso Ridge, in the valley of 
p. 205)} the Arroyo Pinovetito, are discontinuous ex- 
posures of arkosic sediments, dipping uniformly 
east. A pace-and-compass traverse across the 
beds yielded an estimated thickness of 1400 feet. 
Outcrops are predominantly gray-white, but 


aS more| 
anta Fe 
basins 


ay pink, and orange-buff beds occur locally. 
| bes Medium- to coarse-grained sand, with some 


sandy silt, form the bulk of the outcrops. Most 
ver, the beds are only slightly cemented by calcium 
ae Fel carbonate. The base of the section contains 
rial, de lenticular, subangular, fine gravels probably 
rbedded) reworked from the underlying Espinaso vol- 
Vol} canics. Occasional pebbly lenses in the lower 
| few hundred feet of the section carry pebbles of 
more of porphyry and chert only 1 or 2 inches across. 
part of The porphyries are angular or subangular, and 
_ and in} generally thoroughly rotten. The cherts are 
. These) well-rounded, and were probably reworked from 
to each, the Galisteo formation. Tinted beds are more 
e basis) common in the upper part of the section. 
ot beet} Gravel lenses are more abundant and carry 
vith the) rotten pebbles of porphyry as much as 6 inches 
on sug} across. The upper beds appear to be overlain 
asins it} without break by typical pink-buff alluvial 
> of the) beds of the Santa Fe formation, but the zone 
associ} of contact is not exposed. 
esult} Fine-grained material similar to that in the 
ined th lower Arroyo Pinovetito section is exposed at 
_ Scattered localities northward along the base 
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of the Espinaso Ridge. The grain-size decreases, 
and silty sand predominates in gullies tributary 
to the Arroyo Vega de los Tanos. Beds of red 
and green silty clay and white silty marl also 
occur. Pebble lenses are infrequent above the 
basal beds. Beds corresponding to the upper 
part of the Arroyo Pinovetito section may 
underly the Arroyo Vega de los Tanos, but are 
not exposed. East of the arroyo are pink-buff 
beds typical of the overlying Santa Fe 
formation. 

South of the Arroyo Pinovetito, gulches 
dissecting the Ortiz pediment expose gravelly 
sand similar to that in the upper part of the 
Arroyo Pinovetito section. Rotten, subangular 
pebbles of porphyry 8 inches across were the 
largest observed. Finer-grained beds such as 
those in the lower part of the Arroyo Pinovetito 
section were not observed farther south. These 
lower beds appear to thin out, either by grada- 
tion into coarser beds or under overlap by the 
higher beds. 

Along the edge of the Ortiz pediment north 
of the Arroyo Vega de los Tanos are numerous 
outcrops of brownish, non-indurated sands 
dipping gently southeastward. Lenses of fine 
gravel containing rotten pebbles of latite por- 
phyry and silt also occur. Contacts with adja- 
cent rocks are not exposed. To the east, the 
Espinaso volcanics are exposed in gulches dis- 
secting the Ortiz pediment. The volcanics dip 
westward, and may be separated from the 
younger beds by a fault. To the west, typical 
pink and buff beds of the Santa Fe formation 
are exposed, dipping gently eastward, un- 
doubtedly separated from the older beds by a 
fault. 

An apparently continuous, northward-dip- 
ping succession of fine-grained beds is exposed 
along the La Bajada escarpment between 
Highway 85 and La Bajada. The beds crop out 
in a wedge-shaped fault block. To the west, 
the northward extension of the Rosario fault 
presumably separates them from typical Santa 
Fe beds such as are exposed south of Highway 
85. To the east, a branch fault separates the 
block from older Espinaso volcanics. A detailed 
section was not measured, but the approximate 
succession of beds from south to north is: 
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Base of section not exposed 


Massive to porous, crystalline, im- 
pure limestone. Gray on fresh sur- 
faces, weathers brown. Rare nodules 


Alternating very thin-bedded, im- 
pure limestone 6”-2' thick, and 
gray or green gritty silt, 1’-4’ thick. 
The limestones are ripple-marked, 
and in many places exhibit con- 
temporary deformation (Pl. 2, fig. 
1). The silts contain angular frag- 
ments of porphyries 14”-}4” in 


Poorly exposed, but predominantly 
reddish, clayey silt and gray pebbly 
silt. Bands of fibrous calcite paral- 
lel to bedding of the silt observed 
in situ; calcite rosettes observed in 
float. Red and green, sticky clay and 
gray, lime-cemented gravels also 
occur, but are probably subordinate 
in amount. Pebbles of latite por- 
phyry in the gravels reach a maxi- 
mum diameter of 1”.............. 


Gap, concealed by pediment gravels. 


Gray-white sand, nearly continuous 
exposures in a gulch tributary to 
Santa Fe Creek. Locally stained 
orange- or pink-buff. No pebbles ob- 
served. A single bed of massive, very 
fine-grained, white tuff, 2’ thick, ob- 
served at about two-thirds from the 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 


15’ 


125’ (?) 


200’ (?) 


100’—200’(?) 


Well-bedded tuff as described be- 
low, additional thickness exposed 
south of Santa Fe Creek.......... 100’ (?) 
Gray-white tuff, fine-grained. Thin 
and very uniform bedding. Forms 
cliffs at La Bajada (Pl. 2, fig. 2). 
Occasional thin beds of dark green, 
sticky clay. Locally stained by wash 
from buff alluvium underlying the 
basalt cap of the escarpment, which 
overlies the tuffs unconformably... 275’ 


ca. 1000’ 


Northward along the La Bajada escarpment, 
landslide débris conceals the beds overlying 
the tuffs exposed at La Bajada. On the walls 
of the gulches cutting back into the escarpment 


at two places are rare exposures of gravelly 
sand, containing pebbles of gray porphyry. 
Bedding appears to dip gently north. These! 
outcrops, and pebbles of porphyry in the slope 
wash, suggest that the tuffs are overlain by 
several hundred feet of alluvial material similar 
to, but coarser than, that underlying them. 
Farther north, andesitic lavas continuous with 
those of Tetilla Peak are exposed in the escarp- 
ment, underlain by brown, fine-grained allu- 
vium containing fragments of red granite. A 
few exposures of gravelly sand, with pebbles of 
gray porphyries, occur on the lower portions 
of the slope. It thus appears that the older 
lavas of Tetilla and adjacent portions of the 
Cerros del Rio, which dip gently to the north, 
form the upper part of a continuous succession 
including the beds described above. The dis- 


Pirate 2. ABIQUIU (?) AND SANTA FE FORMATIONS 


Ficure 1. Tutn-BEDDED LimESTONE OF ABIQuIU (?) FORMATION 
North of U. S. Highway No. 85. Note contemporary deformation of beds to right of hammer. 


Ficure 2. WaTER-Lai Turrs oF Asiguiu (?) ForMATION In LA BajaDA EscARPMENT NEAR 
La BajADA 


Cliffs are capped by Cuerbio basalt of Mesa Negra; note landslide blocks to left of cliffs. Canyon is that 


of Santa Fe Creek. 


Ficurre 3. River Deposits OF SANTA FE FORMATION i 


In road-cut along U. S. Highway No. 85, south of Arroyo Tonque. Note sorting and cross-bedding; } 


compare with Fig. 4. 


Ficure 4. Coarse Fan Deposits oF SANTA FE ForMATION NEAR PLacitTas, RESTING 
UNCONFORMABLY UPON SANDSTONE AND SHALE OF MESAVERDE FORMATION 


Man is examining contact. 
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PRE-ABIQUIU FAULTS 
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tinctive brown alluvium underlying the lavas 
implies that a change in drainage lines within 
the sedimentary basin occurred at about the 
time that volcanism began. In White Rock 
Canyon, these lavas are interbedded with fan 
deposits and river gravels of the Santa Fe 
ormation (Bryan, 1938, p. 208). 

In the Arroyo Hondo, the Espinaso volcanics 
re overlain by approximately 500 feet of gray- 
white beds. Loosely consolidated sand pre- 
scialantnn, tuffaceous in some beds. Lenses 
carrying pebbles as much as an inch in diameter 
are common. In some lenses, the pebbles are of 
volcanic rocks; in others, of Precambrian crys- 
talline rocks. The fine-grained beds are overlain 
y pink-buff gravelly sands of the Santa Fe 
Between the Arroyo Hondo and Santa Fe, 
the Abiquiu (?) formation is not exposed. 
immediately north of Santa Fe Creek, beds of 
ypical Santa Fe lithology directly overlie the 
agdalena limestone, and the Abiquiu (?) 
ormation is absent. Farther north, in the Espa- 
ola Valley, tuffaceous gravel and sand, and 
t least one basalt flow crop out locally beneath 
uvial beds of typical Santa Fe lithology. 
ey lack the red color characteristic of earlier 
ertiary sediments and are perhaps equivalent 
o the Abiquiu (?) formation. First mapped 
part of the Picuris tuff (Cabot, 1938, p. 91, 
ig. 2), they were later included in the Santa 
e formation (Denny, 1940b, p. 683). 
Correlation of these beds with the Abiquiu 
is based only upon similarity of strati- 
phic position and upon the presence of tuffs 
the La Bajada escarpment. These tuffs are 
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not strictly comparable to the Abiquiu tuff in 
the type locality, which is coarser-grained and 
contains considerable amounts of gravel. How- 
ever, the Abiquiu tuff, which was deposited by 
streams entering the Abiquiu quadrangle from 
the northeast (Smith, 1938, p. 949; Butler, 
1946), should be notably finer-grained to the 
south, as is the tuff at La Bajada. Both the 
tuff and the underlying, nontuffaceous beds 
are included in the Abiquiu (?) formation, 
following Smith’s inclusion of thick, basal, 
granitic gravels in the type locality. 

The Abiquiu tuff in the type locality is older 
than the Santa Fe formation (Smith, 1938, 
p. 958), dated as upper Miocene and Pliocene 
(Wood e¢ al., 1941, p. 31, Pl. 1). However, the 
locations of fossil collections from the Santa Fe 
formation have never been adequately de- 
scribed. Some may have come in fact from beds 
of Abiquiu (?) lithology. Butler (1946, p. 104— 
109) has shown (1) that the Abiquiu tuff is 
equivalent in part to the Los Pinos formation 
of northern New Mexico and southern Colo- 
rado, and (2) that the Los Pinos formation is 
probably equivalent to the Fisher latite- 
andesite of the San Juan Mountains. The 
Fisher latite-andesite was erupted after the 
older Creede formation had been eroded to a 
canyoned topography (Cross and Larsen, 1935, 
p. 92). The Creede formation has been generally 
classed as Miocene, following Knowlton’s 
(1923, p. 184) direct correlation of plant re- 
mains from the Creede with plant remains from 
the Florissant lake beds, then regarded as 
Miocene. However, Gazin (1935) has since 
suggested that the Florissant may be as old as 


Pirate 3. PRE-ABIQUIU FAULTS 
Ficure 1. Fautt Zone 1N West oF TuERTO FAULTED ANTICLINE 
Looking north across the Arroyo Tuerto. White beds in middle of picture are Entrada sandstone, over- 
ain by thin Todilto limestone. To left, a strong fault separates these beds from beds of Mancos shale (drab 
slopes without conspicuous outcrop). To right, outside picture, a strong fault separates Entrada sand- 
tone and Triassic red-beds. Steeply dipping beds in right foreground are Entrada and Todilto, repeated 
by cross-faults. Ortiz pediment and Ortiz Mountains in background. 
Ficure 2. Fautt BETWEEN TriAssic RED-BEDS AND MORRISON (?) SANDSTONE 
Looking south in unnamed arroyo tributary to Arroyo San Crist6bal. Cliff in right background is Mor- 
‘ison (?) sandstone capped by thin Dakota (?) formation, south of Arroyo San Crist6bal. 
Ficure 3. Fautt in Morrison (?) ForMATION SouTH OF ARROYO JARA 
Looking north. Moderately dipping beds to left are separated from gently dipping beds to right by 
tteep fault of small displacement. 
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Oligocene (Orellan), and his dating may be 
extended to the Creede. Hence, the Fisher 
latite-andesite may conceivably be as old as 
late Oligocene, although the partly equivalent 
Abiquiu tuff may conceivably be as young as 
upper Miocene. It is inferred that the two for- 
mations are early or middle Miocene. 

The wedge of tuff at La Bajada was carried 
to the Galisteo-Tonque area by south-flowing 
streams. The remarkably uniform and rela- 
tively thin bedding, however, and the inter- 
calated green clays suggest that the tuffs at 
La Bajada may have been deposited in standing 
water. The fine grain and composition of the 
remainder of the Abiquiu (?) formation suggest 
erosion of the Galisteo and Espinaso formations 
in areas without great relief. The common 
rottenness of the volcanic pebbles may reflect 
an environment of moderate chemical weather- 
ing. The pebbles of Precambrian crystalline 
rocks in the Arroyo Hondo section could have 
been entirely reworked from the Galisteo 
formation, and the fine grain of the containing 
beds argues against the existence of a highland 
area with Precambrian outcrop as close as the 
Sangre de Cristo Mountains. The northward 
decrease of grain-size in the Tonque Valley 
suggests drainage lines flowing to the north, 
northeast, or northwest. The nontuffaceous 
beds in the La Bajada escarpment, still farther 
north, are even finer-grained. The thin-bedded 
limestones undoubtedly accumulated by chemi- 
cal precipitation in lakes. That the position of 
the lakes varied from time to time is indicated 
by interbedded gritty silts. That the lakes 
occupied the same general area for a consider- 
able period, however, is attested by the thick- 
ness of the series as a whole. It is further 
suggested by the possibility that the tuffs at 
La Bajada were deposited in a lake. 


Santa Fe Formation 


General statement—Beds assigned to the 
Santa Fe formation in a restricted sense occupy 
most of the western half of the Galisteo-Tonque 
area. They also crop out extensively between 
the Cerros del Rio and Santa Fe, north of 
Santa Fe Creek. A few exposures were mapped 
between Santa Fe and the Arroyo Hondo. The 
formation includes fan deposits, river deposits, 
travertine, water-laid pumice, and lava flows. 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 


River deposits—Deep road-cuts along Hight cally ai 
way 85 north and south of the Arroyo Tong Locally 
expose thick sections of massive, well-sort vertine 
gravel and clean-washed sand (Pl. 2, fig.3)j travert 
The gravels contain well-rounded and some Pumice 
subangular pebbles averaging 3-6 inches j nearly 
diameter. The pebbles are chiefly of crystalling the 00 
and volcanic rocks. Quartzites and fine-grained 2 the 
volcanics, including many types foreign to the Posits. 
Galisteo-Tonque and adjacent areas, pre tinuous 
dominate. Outcrops are principally gray-white) silt 
but in places are heavily stained with limonitej the rene 

These exposures of gravel and sand stand ig4ttribut 
marked contrast to those of correspondi Grande 
texture in the fan deposits. They have beey ime. Ii 
described previously (Bryan, 1938, p. 2074¢xtensic 
Denny, 1940b, p. 690; Bryan and Upson, u general 
published manuscript) as the deposits of g¢atly 
large, through-flowing river, the ancestral F aa 
Grande. Similar deposits are recorded in th#°°™Pts 
Rio Grande Depression from Buckman, wes/S°™¢ sil 
of Santa Fe (Denny, 1940b, p. 682-683) cn the 


ward as far as the San Acacia area (Denny, and vel 


1940a, p. 89-90). The river deposits are demo 
strably equivalent to only the uppermost parij*"¢ mod 
of the Santa Fe formation in the Lower Riq!thoug 
Puerco area (Wright, 1946, p. 411-412). It ig@spect « 
not known whether the ancestral Rio Grandqpink-bu 
existed throughout Santa Fe time. At Pli 

River deposits underlie the spurs between'he Gali 
Highway 85 and the Rio Grande north ané ngular 
south of the Arroyo Tonque. Their attitude i*"4, the 
in most places indeterminate. East of the high-s4ndy 8! 
way, they interfinger with fan deposits whichS#"d. T! 
have a definite northeasterly dip. Lenses SSESSE: 
river gravel are interbedded with typical f F resh an 
deposits in a zone extending about a mile eas(ll sizes | 
of the highway at the Arroyo Tonque and rep al 


varies f 


the highway east to the boundary fault betwee I rock 
Bernalillo and Placitas. In a few localities) hyries | 
these-lenses are cemented by a dirty, blackthers, Ss 
matrix of manganese oxides. In other localities|44nt. Al 
a heavy limonite stain acts as a partial cemen sandston 
Silt and clay, which are associated with th well-cem 
river gravels in other areas, are rare. They This c 
reported near the pueblo of San Felipe (Brya" ‘wo I 
and Upson, unpublished manuscript), and crog "ined 
out in two places south of the Arroyo Tonque{** Placit 

A bed of water-laid pumice, 15~25 feet thick} Huertas 
crops out east of the highway on both sides illo faul 
the Arroyo Tonque. Although fragments van} #2 pet 
from silt size up to 4-inch pebbles both verti tered 


al 

13 


High cally and on strike, the bed is very persistent. 
ong Locally, it is capped by 1-2 feet of porous tra- 
sorted Vertine, and in one locality north of the Tonque 
fig. 3) travertine occurs both above and below the 
some Pumice. Throughout its outcrop, the bed is 
1es ‘feel horizontal, probably dipping gently to 
talline the north. It is associated with river gravels 
rained in the zone of interbedded river and fan de- 
to the posits. West of the highway, abundant, discon- 

tinuous exposures of white pumiceous gravel 
white} and silt in the river deposits probably represent 
onite the same horizon. Their discontinuity may be 
and imttributed to reworking by the ancestral Rio 
Grande as it shifted its course from time to 
, ‘time. If they are correctly interpreted as an 
of the same horizon, they confirm the 
n, u general impression that the river gravels are 
of gnearly horizontal. 
al Fan deposits—The alluvial fan deposits 
in th@comprise sandy gravel, gravelly sand, silt, and 
wesisome silty clay. Individual beds are lenticular, 
south ne the texture changes rapidly both laterally 


Yenny2nd vertically. The proportion of each type 
emom Varies from exposure to exposure. Most beds 
t par#"e moderately cemented by calcium carbonate. 
sr RigAlthough variations in color occur, the general 
_ Tt jgaspect of most outcrops is rather uniformly 
randgpink- buf. 

At Placitas, the Santa Fe formation overlies 
tween the Galisteo and Mesaverde formations with 
h ag unconformity (Pl. 2, fig. 4). In this 
ude i#4tea, the Santa Fe formation consists of coarse, 
s@ndy gravel with a minor amount of gravelly 
whicts#nd. The gravel is poorly sorted, although it 
aes ssesses a rude, discontinuous stratification. 
al fantesh angular and subangular pebbles occur in 
le eas(ll sizes up to 2 feet across, and blocks 3-6 feet 
j from@cToss are not uncommon. The pebbles include 
tweertll rock types. In many exposures, gray por- 
rep are the most abundant rock type. In 
black®thers, sedimentary rocks are the most abun- 
alities\dant. All of the large blocks observed were red 
sment)S@ndstone. The gravels are pink to red and are 
th thaWell-cemented with calcium carbonate. 
e This coarse gravel forms only the lower one 
Bryat°' two hundred feet of the formation. Finer- 
d cromStained material occurs higher in the section 
onque{*t Placitas, northward between the Arroyos Las 
thick| Huertas and Tonque, and west of the Berna- 
‘des oflillo fault. Sandy gravel lenses generally con- 
tain pebbles 1-4 inches in diameter, with 


S val) 
verti, Scattered pebbles 4-8 inches in diameter. A 
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few outcrops of coarser gravel were observed 
north of Placitas. Gray porphyries, sedimentary 
rocks, and Precambrian crystalline rocks occur 
in varying proportions. Between the Arroyos 
Las Huertas and Tonque, gravel lenses in 
which about half of the pebbles are porphyries 
alternate with lenses in which porphyries are 
absent. Associated with the porphyries are some 
contact metamorphic rocks which can only 
have been derived from the Ortiz Mountain- 
South Mountain chain. Silty sand and sandy 
silt occur in many outcrops, notably the bluffs 
north of the Arroyo del Ojito Chico, and pre- 
sumably form the bulk of the formation. The 
proportion of finer-grained material increases 
from east to west (Fig. 4), where the fan de- 
posits interfinger directly with river deposits. 
The formation in this area is pink, buff, or less 
commonly gray-white. 

The sections (Fig. 4), although they cannot 
be correlated precisely by recognizable hori- 
zons, indicate an aggregate thickness of about 
500 feet. Continuous sections of more than a 
few hundred feet cannot be measured else- 
where, but a continuous section extending 200 
feet above the base of the formation was meas- 
ured at Placitas. Nearly continuous northward 
dips between this section and the sections 
measured in the Arroyo Alamos Altos imply 
that the total thickness of the fan deposits is 
at least 2000 feet. 

Between the Arroyo Vega de los Tanos and 
the Rosario fault, exposures of the Santa Fe 
formation are chiefly of pink, sandy gravel 
cemented with calcium carbonate. Fresh, 
angular to subangular pebbles in the gravels 
average 4-8 inches in diameter, but boulders 
2 feet across were observed. Most of the pebbles 
are porphyries derived from the Espinaso vol- 
canics or from the intrusives of the Ortiz Moun- 
tains, but sedimentary and crystalline rocks are 
not uncommon. The latter types are more 
abundant toward the north and outnumber the 
porphyries near the northern limit of the area 
mapped. Silty sand and gravelly sand presum- 
ably form a larger part of the formation than 
the few exposures would indicate. Some of the 
gravel lenses carry pebbles of rotten gray por- 
phyry, but most of the porphyries are relatively 
fresh. A bed of fine-grained gray pumice, 15- 
20 feet thick, crops out near the San Francisco 
fault (Pl. 1, Loc. 6). The lower half of the bed 
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Ficure 4. SECTIONS OF SANTA FE ForMATION ALONG THE ARROYO ALAMOs ALTOS 


is massive and unconsolidated. The upper half 
is stratified and partially cemented by calcium 
carbonate. 

The Abiquiu (?) formation of the Arroyo 
Hondo is overlain by several hundred feet of 
pink and pink-buff arkosic sands and grits. 
Lenses of gravel contain pebbles of Precambrian 
granite and metamorphic rocks. Only two ex- 
posures of similar material were found between 
the Arroyo Hondo and Santa Fe. Extensive 
exposures north of Santa Fe Creek, continuous 
with those of the Espajiola Valley described by 
Denny (1940), were not studied in any detail 
by the writer. Reconnaissance indicates that 


the fan deposits exposed north of Santa Fé 
Creek, between Santa Fe and the Cerros de 
Rio, contain lenses of rather well-roundeg 
gravel and of rather cleanly washed sand. Thé 
gravels contain cobbles of quartzite, gnei 
and schist ranging up to at least a foot i 
diameter. The larger cobbles observed were 
quartzite. These cobbles are strikingly differen 
from the angular and subangular cobbles car 
ried by the present Santa Fe Creek, and from 
those of older gravels blanketing the Santa Fé 
Plateau, which are chiefly reddish granite 
Denny (1940b, p. 683) noted that the Sant 
Fe river gravels at Buckman contain quartzit! 
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cobbles larger than other cobbles. Some of these 
cobbles were contributed by streams flowing 
from the Santa Fe area. 

Mesa de la Cal——The Mesa de la Cal at 
Alamos Altos Ranch, about three-eights of a 
square mile, is capped by 15-40 feet of light 
tan, nodular to massive travertine containing 
scattered, small, irregular cavities. Underlying 
beds exposed at various places along the scarp 
of the mesa include highly calcareous silt and 
silty clay, pink, sandy gravel, and at least one 
thin bed of travertine. So far as could be deter- 
mined, these beds are stratigraphically higher 
than any other beds of the Santa Fe formation 
exposed in the vicinity. The mesa is for the 
most part flat, but rises about 50 feet to a small, 
flat summit in the southeast corner. This 
irregularity reflects deformation of the capping 
travertine. 

Interbedded lavas —The Santa Fe formation 
in the Cerros del Rio consists almost entirely 
of thick flows of quartz latite, andesite, and 
andesite-basalt. Basaltic (?) cinders and other 
ejectamenta are associated with the flows in 
some localities. The general distribution of 
Santa Fe lavas (Pl. 1) is taken from an un- 
published reconnaissance map loaned by Prof. 
E. S. Larsen, modified by the writer in a brief 
reconnaissance using aerial photographs. In 
White Rock Canyon, flows and intercalated 
pyroclastics aggregate at least 1200 feet in 
thickness (Bryan, 1938, p. 208). At the north 
end of White Rock Canyon, the flows are inter- 
bedded with river gravels and fan deposits 
(Bryan, 1938; Denny, 1940b, p. 683). River 
gravels crop out in a canyon cut back into the 
La Bajada escarpment 6 miles north of La 
Bajada, but their relationship to the lavas is 
not clear. In the same canyon, and in smaller 
canyons further south, the lavas are imme- 
diately underlain by fine-grained brown allu- 
vium containing small fragments of red granite 
and basalt. 

The Mesa Sant’ Ana, west of the Rio Grande 
at San Felipe, is capped by basaltic flows of at 
least two ages. The flows are in part interbedded 
with the Santa Fe formation and in part of 
Pleistocene age (Bryan, 1938, p. 208). Rem- 
nants of two flows, which dip about 10°E, are 
interbedded with river deposits east of the Rio 
Grandé at San Felipe. 

Age and correlation—No fossils were found 
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in the Santa Fe formation in the Galisteo- 
Tonque area. Correlation is therefore based 
upon general continuity of outcrop with adja- 
cent areas. Precise time equivalence of any part 
of the beds with the fossiliferous beds of the 
type locality, or of the Rincones de Zia to the 
west, has not been established. However, it is 
assumed that general contemporaneity does 
obtain; fossils from the type locality are re- 
garded as late Miocene and early Pliocene 
(Wood et al., 1941, Pl. 1). 


Norins Well 


A deep well, “North Albuquerque Acres 
No. 2’, was drilled by the Norins Realty Com- 
pany in T11N, R4E, S19, 7 miles north of 
Albuquerque and about 4 miles west of the 
Sandia Mountains. The well reached a total 
depth of 5024 feet and, although it is 8 miles 
southwest of the Galisteo-Tonque area, is of 
interest for the thick section of probably Ter- 
tiary rocks revealed. A driller’s log, furnished 
by R. L. Bates of the New Mexico Bureau of 
Mines and Mineral Resources, is given as an 
appendix. 

“Granite wash”, “granite boulders”, and 
“coarse gravel” are reported to a depth of 
2150 feet, interbedded with “arkose’’, “sand’’, 
and “shale”. It seems certain that these mate- 
rials belong to the Santa Fe formation and 
date from a time when the Sandia Mountains 
existed as a highland. 

The remainder of the well penetrated beds 
reported chiefly as “gray sand” and “gray 
shale”. The driller’s log indicates no conspicu- 
ous break in the sequence, although “brown 
shale” and “black sand” are interbedded with 
the predominantly gray materials between 4020 
and 4400 feet. No pre-Tertiary sequence known 
in adjacent areas would be reported as so great 
a thickness of uniformly gray sand and shale. 
Cretaceous shales are generally reported largely 
as brown or black. It seems certain that the 
Galisteo formation would be reported in appre- 
ciable amounts as “red shale” or “red clay”. 
By elimination, it seems necessary to believe 
that the beds are Tertiary, younger than the 
Galisteo formation and older than the Santa 
Fe formation. 

Some of the gray beds may belong to the 
Espinaso volcanics, which are predominantly 
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gray in the Tonque Valley. The well lies 15 
miles southwest of the Tonque Valley, and the 
grain size of the formation would certainly be 
reduced in that distance. A thickness in excess 
of 2874 feet, although at least twice as great as 
that preserved in the Tonque Valley, is not 
inconceivable for the Espinaso volcanics. How- 
ever, such an interpretation would imply that 
the Norins Well lies in an area not subject to 
extensive erosion in post-Espinaso, pre-Abi- 
quiu (?) time. 

It is also possible that tuffaceous beds of 
pre-Santa Fe age, other than the Espinaso 
volcanics, are included in the log. Such beds 
are known in the western half of the Albu- 
querque Basin (Bryan and McCann, 1937, 
p. 817; Wright, 1946, p. 398). 

It is also possible that some part of the beds 
is equivalent to the Abiquiu (?) formation of 
the Galisteo-Tonque area. However, the 
Abiquiu (?) formation is not present at Placitas, 
and the Espinaso volcanics were removed from 
this area by pre-Santa Fe erosion. This erosion 
may have contributed to the Abiquiu (?) 
formation in the Tonque Valley, which con- 
tains appreciable amounts of gravel at a greater 
distance from Placitas. This may be taken to 
suggest that none of the finer-grained materials 
of the Norins Well are of Abiquiu (?) age. On 
the other hand, the well log may be taken as 
evidence that the Sandia highland was low in 
Abiquiu (?) time, that fine-grained sediments 
were deposited at the site of the well, and that 
the coarser materials of the Tonque Valley 
came from the southeast. 

Assignment of the fine-grained beds either 
to the Espinaso volcanics or to the Abiquiu (?) 
formation requires, either because of lack of 
erosion or because of recorded deposition, that 
the well lie outside the Sandia “highland’’ of 
Abiquiu (?) time. In such a position, both 
formations might be represented in the well 
log. If the Sandia highland was high in Abiquiu 
(?) time, and if Precambrian granites were 
exposed in the western portion of the area, the 
Abiquiu (?) formation may be represented by 
some portion of the upper 2150 feet of coarse, 
arkosic beds. If the Sandia highland was low, 
and if Cretaceous and early Tertiary rocks 
were exposed, the Abiquiu (?) formation prob- 
ably comprises some portion of the fine- 
grained gray beds. 
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It is felt that the latter interpretation is most 
consistent with the available data. The former 
interpretation implies that a thick sedimentary 
cover was stripped from the northern portion 
of the Sandia Mountains completely in post- 
Espinaso, pre-Abiquiu (?) time, i.e. that pre- 
Abiquiu (?) erosion removed substantially 
more material than has been removed in Abi- 
quiu (?) and subsequent time. It further im- 
plies that the greater part of the uplift of the 
Sandia Highland relative to the Albuquerque 
Basin was accomplished in pre-Abiquiu (?) 
time. In view of the known magnitude of in- 
tra-Santa Fe and post-Santa Fe erosion in 
adjacent areas, and of the known magnitude 
of post-Santa Fe faulting, either of these im- 
plications is unlikely. 

It is therefore suggested that the 2150 feet 
of coarse-grained beds in the Norins Well 
belong to the Santa Fe formation in a restricted 
sense. The remaining, fine-grained beds prob- 
ably include equivalents of both Espinaso 
volcanics and Abiquiu (?) formation, but the 
respective thickness of either formation cannot 
be safely estimated. 


QUATERNARY ROCKS 


The Quaternary history of the Galisteo- 
Tonque area has been dominated by erosion. 
Nevertheless, erosion has not been everywhere 
continuous, and there are extensive Quaternary 
formations (Pl. 1) which overlie pre-Quaternary 
rocks with strong angular unconformity. They 
comprise: 


(1) thick gravel mantling the high surface | 
of the Estancia Valley, possibly as old as the © 


Santa Fe formation, but mapped together with 

(2) the Tuerto gravel, 5 to more than 150 
(300?) feet thick, a record of aggradation in 
response to deformation during the final stages 


of development of post-Santa Fe Ortiz pedi- | 


ment; 
(3) basalt flows and associated cinder cones, 


extruded in and near the Cerros del Rio and | 


interbedded with the Tuerto gravel, tenta- 
tively correlated with the Cuerbfo basalt 
(Bryan, 1938, p. 218); 

(4) pediment alluviums associated with 
three erosion surfaces younger than the Ortiz 
pediment, not shown in Plate 1; 
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* (6) late Pleistocene and Recent alluvium in 
the present valley floors, of which only re- 
stricted areas are shown in Plate 1. 
Discussion of these formations, and of the 
long period of erosion during which they were 
formed, is deferred to a subsequent paper. 


STRUCTURE 


Introduction 


The pre-Tertiary structural history of the 
Galisteo-Tonque area has been summarized 
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TaBLe 1.—TertTiaRy SrrucrurRAL History OF THE GALISTEO-TONQUE AREA 
Time Stratigraphy | Diastrophism 
Post-Santa Fe Erosion; Tuerto gravel and! Bernalillo, Buena Vista, San Francisco, and 
Cuerbio basalt | Rosario faults; uplift of Sangre de Cristo 
| Mts. and warping of blocks between major 
Pliocene | faults 
| (Post-Santa Fe faulting; Pl. I, Fig. 9) 
Santa Fe formation | Differential subsidence of sedimentary basin 
| (Santa Fe basin of deposition; Fig. 8) 
Miocene 
' | Abiquiu (?) formation | Differential subsidence of sedimentary basin 
, | (Abiquiu basin of deposition; Fig. 7) 
?—— ?_— 
| Cieneguilla 
| limburgite | Quiescence? 
Erosion 
| Tijeras, Los Angeles, Las Jollas fault systems; 
| Sandia, Tuerto, La Madera faulted anti- 
clines; Ufia de Gato and Galisteo basins; fault 
| | boundary of Glorieta Mesa; Minor faults and 
| | folds in Tonque Valley 
| (Pre-Abiquiu (?) deformation; Pl. 4) 
| Espinaso volcanics | Intrusion of stocks in Cerrillos Hills, Ortiz 
| Mountains, San Pedro and South Mountains; 
| dikes and sills in Tonque Valley and Galisteo 
Lowland 
fae | (Intrusive igneous rocks; Pl. I) 
Galisteo formation | Differential subsidence of sedimentary basin 
| (See Stearns, 1943, p. 308-309, Fig. 6) 
| Erosion | Gentle folding. 
| (See Stearns, 1952a, Fig. 1) 
Paleocene 
K | Mesaverde formation Not discussed 
(5) post-Cuerbfo basalt in the Mesa Sant’ by Read et al. (1944). The Tertiary structural 
Ana; history is summarized in Table 1. Mild early 


Tertiary deformation has been discussed in a 
previous paper (Stearns, 1943), and deformation 
contemporary to deposition of the Abiquiu 
(?) and Santa Fe formations is discussed later 
(Late Tertiary History of North-central New 
Mexico). These episodes of deformation, in- 
ferred from stratigraphic evidence, are revealed 
in Plate 1 by variations in thickness of in- 
dividual formations. The major structural 
features shown in Plate 1 were formed during 
two intervals of more intense deformation, pre- 
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Abiquiu (?) and post-Santa Fe. The younger, 
post-Santa Fe structures comprise strong, 
gravity faults arranged en échelon, with ad- 
justment by warping of the intervening blocks. 
The earlier structures comprise a series of com- 
plexly faulted folds, developed in a block 
northwest of a prominent, northeast-trending 
fracture system. 


Post-Santa Fe Faulting 


Introduction —The Galisteo-Tonque area lies 
on the east side of the Rio Grande Depression, 
in the area of offset between the Albuquerque- 
Belen Basin and the Espajiola Basin (Fig. 6; 
Bryan, 1938, p. 209-211). The present structural 
pattern of the Galisteo-Tonque area (Fig. 7; 
Pl. 1) is therefore dominated by normal faults 
associated with the border of the Rio Grande 
Depression, principally of post-Santa Fe age. 
The east border of the Albuquerque sub-basin 
is a great fault at the west base of the Sandia 
Mountains. The east border of the Espafiola 
Basin is a faulted unconformity, at the west 
base of the Sangre de Cristo Mountains (Denny, 
1940b, p. 685-686). The off-set between the 
two fault borders is marked by a series of faults 
en échelon, downthrown to the west. 

The north end of the Sandia Mountains lies 
within the Galisteo-Tonque area. The Berna- 
lillo fault (Pl. 1) is the northernmost member 
of a fault system at the west base of the Sandia 
Mountains. The first major fault to the east, 
the San Francisco fault, separates the older 
rocks of the Tonque Valley from the Santa Fe 
formation in the Rio Grande Depression. An 
area of complex structure at Placitas occurs in 
the area of offset and adjustment between these 
two faults and determines the north end of the 
Sandia block. A second major fault, the Rosario 
fault, extends northward from the west base of 
the Ortiz Mountains. Adjustment between the 
San Francisco and Rosario faults is recorded 
by northeastward dips in the Santa Fe forma- 
tion, changing to northerly dips in a synclinal 
trough at the southern termination of the Ro- 
sario fault. The faulting characteristic of the 
east border of the Espajiola sub-basin has not 
been recognized south of the city of Santa Fe. 
Instead, the mountain border south of Santa 
Fe appears to be monoclinal, and the Tertiary 
rocks dip gently westward above unconform- 
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able contacts. The area between the mountain 
front and the Rosario fault is broadly synclinal, 
as pre-Santa Fe rocks are exposed both east 
and west of the Santa Fe Plateau. However, 
structural details are concealed by extensive 
Quaternary gravels and basalt flows. 

Major en échelon faults—The Bernal'llo, 
San Francisco, and Rosario faults are fault 
zones, 50-300 feet wide, commonly marked by 
a jumbled mass of rocks from all parts of the 
stratigraphic column and generally poorly 
exposed. Springs are common. Individual fault 
planes which are exposed are steeply-dipping 
normal faults. Although irregular in detail, the 
traces of the major fault zones appear to be 
essentially straight over considerable distances, 
and are so shown in Plate 1. The fault zones 
are certainly steep and presumably normal. 

The strikes of many of the pre-Santa Fe rocks 
swing sharply as they approach the fault zones, | 
in anticlinal structures. This phenomenon is 
believed to be large-scale drag folding; it may 
indicate that the faults were initiated as mono- 
clines, at least at depth. Adjacent to the fault 
zones, the pre-Santa Fe rocks are generally 
complexly fractured. Triassic, upper Creta- 
ceous, and early Tertiary rocks near the San 
Francisco fault zone are broken into a giant 
fault breccia, which preserves only a sugges- 
tion of stratigraphic continuity for a distance 
or 100-300 feet before passing over into the 
fault zone proper. Deformation of the Santa Fe 
formation is not as readily observed. Scattered 
exposures, however, yield dips and strikes dis- 
cordant with the general attitude of the Santa 
Fe formation, and some deformation does exist. | 
In the Mesa de la Cal (Pl. 1, Loc. 4), a small | 
anticline in the Santa Fe formation adjoins the 
San Francisco fault zone. Neither the Santa Fe 
formation nor the adjacent Paleozoic rocks at 
this locality are as intensely brecciated as are * 
the Mesozoic rocks further north. 

On those faults which separate the Santa Fe 
formation from older rocks, the stratigraphic | 
displacement at any locality is the sum of (1) 
the local thickness of the Santa Fe formation © 
and (2) the thickness of rocks originally inter- 
vening between the rocks now exposed adjacent 
to the fault and the rocks locally underlying the 
pre-Santa Fe unconformity. In the present, lack 
of data on either the thickness of the Santa 
Fe formation or the distribution of older rocks 
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FicurRE 6. R10 GRANDE DEPRESSION IN NortH-CENTRAL New Mexico (StTIpPLED) SHOWING AREAS OF 
RECENT 

(1) Tusas-Tres Piedras area (Butler, 1946); (2) Abiquiu quadrangle (Smith, 1938); (3) Picuris-Santa Fe 

area (Cabot, 1938), (4) Espafiola Valley (Denny, 1940b); (5) San Pedro Mountain (Church and Hack, 

1939); (6) Santo Domingo Valley (Bryan and Upson, unpublished manuscript); (7) Galisteo-Tonque area 

of present report; (8) Northern Ceja del Rio Puerco (Bryan-and McCann, 1937); (9) Lower Rio Puerco 


area (Wright, 1946). 


beneath the pre-Santa Fe unconformity, dis- 
placements are generally indeterminate. Struc- 
ture sections (Fig. 5) imply that displacements 
are large, and data from a few localities support 
this hypothesis. 

Bernalillo fault—The Bernalillo fault (Pl. 1) 
separates the older rocks of the Placitas area 
from the Santa Fe formation to the west. It 
is named from springs. (Ojito de Bernalillo) 


which rise in the Arroyo de Bernalillo where it 
crosses the fault zone. At and south of the 
springs, the fault strikes N10°E. South of the 
Bernalillo-Placitas road, a breccia formed 


principally from the Morrison (?) formation } 


separates the Santa Fe formation from Triassic 
red beds. Farther south, the fault zone is con- 
cealed by pediment gravel, but presumably 
continues with increasing displacement. The 
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zone must be offset to the west around the foot- 
hills of the Sandia Mountains, which have a 
jlinear front striking N45°E, and is probably 
continuous with the strong fault or fault zone 
jon the east side of the Albuquerque-Belen 
‘Basin. Northeast of the springs, the Bernalillo 
fault strikes N45°E and enters the Santa Fe 
formation, in which the fault can be traced only 
half a mile. The Bernalillo fault is, at least in 
part, of post-Santa Fe age. Evidence of pre- 
Santa Fe movements is lacking. 

San Francisco fault —This fault zone, named 
| from springs which rise in it at San Francisco, 
separates the older rocks of the Tonque Valley 
from the Santa Fe formation to the west. Its 
general northeasterly strike is accomplished by 
short sections most of which strike alternately 
N10°E and N45°E. Stratigraphic displacement 
is about 5000 feet at Tecolote (Loc. 5, Pl. 1, 
northeast of Placitas; Sec. B-B’, Fig. 5) where 
a jumble of Triassic and Jurassic rocks separates 
the Mesaverde formation from the Madera 
blimestone. At the Arroyo Vega de los Tanos, 
‘ stratigraphic displacement is the thickness of 
the Santa Fe formation preserved west of the 
fault, which is probably near the maximum 
thickness preserved in the area (2000 feet?). 
Bryan and Upson (unpublished manuscript) 
have shown that the fault probably dies out 
to the north within the Santa Fe formation. 
The fault is in part post-Santa Fe, but it has 
been shown in an earlier section (Santa Fe 
formation) that the fault was probably active 
during late Santa Fe time. 

Rosario fault—The Rosario fault was named 
by Bryan and Upson (unpublished manuscript) 
from Rosario Siding (Pl. 1), near which it 
crosses Galisteo Creek. The fault zone separates 
Mesozoic rocks in the Galisteo Monocline from 
the Santa Fe formation in the Santo Domingo 
| Valley. The Rosario fault proper can be traced 
| 6 miles south from Rosario Siding before it 
| passes underneath Quaternary gravel west of 
the Ortiz Mountains. It presumably continues 

for some distance south of the exposures 
mapped, but must die out southward. Nearly 
continuous exposures in the Arroyo Tuerto 


show clearly that the Rosario fault does not 
extend that far, and the available exposures 
| north of the Arroyo Tuerto can be grouped in 

an anticlinal structure without the assumption 
of a fault (Fig. 5, Sec. AA’). A short distance 
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south of Galisteo Creek, a branch fault cuts 
southwest from the Rosario fault, interposing 
a wedge of Espinaso volcanics and Abiquiu 
(?) formation between the Mesozoic rocks and 
the Santa Fe formation. 

North of Rosario Siding, the Rosario fault 
can be traced as far as U. S. Highway 85. Ex- 
posures of the Santa Fe formation west of the 
fault were not found north of the highway, but 
exposures of pre-Santa Fe rocks to the east in 
the associated La Bajada escarpment imply 
that displacement continues several miles 
farther north. West of Tetilla Peak, the escarp- 
ment swings northwestward across the projec- 
tion of the fault trace to the Rio Grande with 
an irregular pattern. This may be taken to 
suggest that the Rosario fault dies out west of 
Tetilla Peak, but detailed mapping of the lavas 
of the Cerros del Rio will be necessary to show 
their structural relationships. 

U. S. Highway 85 crosses the La Bajada es- 
carpment in an irregular re-entrant eroded in 
rocks broken by a complex fault system at the 
junction of two strong branch faults with the 
Rosario fault. The branch faults, striking 
N25°E, are downthrown to the northwest, so 
that a wedge of the Espinaso volcanics and 
Abiquiu (?) formation is interposed between 
the Santa Fe formation and the Mesozoic rocks. 
The branch faults are exposed in the canyon of 
Santa Fe Creek and must continue some dis- 
tance farther north. That their continuity may 
be considerable. is suggested by two lines of 
Quaternary cinder cones northeast of Tetilla 
Peak, the strikes of which lie on projections of 
the faults exposed farther south. The alignment 
of the cinder cones implies genetic association 
with linear fractures, and continuation of the 
faults would provide the necessary fractures. 

Bryan and Upson have shown, from the 
lithology of the Santa Fe formation in the Santo 
Domingo Valley, that the Rosario fault had no 
physiographic expression in Santa Fe time. 
There is no evidence that the Rosario fault and 
the associated branch faults were active in 
other than post-Santa Fe time. 

Placitas area—The Sandia Mountains have 
been carved from a great fault block, raised with 
respect to the Santa Fe formation in the Rio 
Grande Valley along a fault zone of which the 
total displacement southwest of the Galisteo- 
Tonque area (at the Norins Well, described in 
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an earlier section) may be in excess of 15,000 
feet. As indicated above, the Bernalillo fault is 
believed to be the north end of this fault. A 
complex structure at Placitas marks the north 
end of the Sandia Mountains and provides 
adjustment in the area of offset between the 
Bernalillo and San Francisco faults. Paleozoic 
and Mesozoic rocks dip northward off the 
mountain mass and underneath the Santa Fe 
formation. Their structure is largely concealed 
by gravel on pediment remnants, alluvium in 
valley bottoms, and intervening slope wash. 
General features are presented in Pl. 1, but more 
detailed study would undoubtedly modify the 
map. 

The Placitas area is divided by the north- 
south Buena Vista fault zone. West of the fault, 
the Paleozoic-Mesozoic sequence dips north- 
ward at angles of 38° to 60°; smaller dips were 
recorded in a few localities. No faults of large 
displacement break the sequence.’ East of the 
north-south fault, the northward-dipping sedi- 
mentary sequence is faulted down against the 
Sandia mass along a system of cross-faults 
with an average total displacement of 2500 feet. 
This system joins the San Francisco fault to the 
east. The area mapped as Dockum Group is 
largely concealed, and is undoubtedly affected 
by cross-folding or faulting. The remainder of 
the sequence dips northeast at angles of 20° 
to 50°. 

Relative uplift of the Placitas area in pre- 
Abiquiu (?) time is indicated by the absence of 
the Abiquiu (?) formation in that area. Some 
of the complex structure at Placitas may date 
from this earlier period of deformation. How- 
ever, structures belonging to separate intervals 
of deformation cannot be differentiated, and 
most of the structures mapped at Placitas are 
probably of post-Santa Fe age. 

Tonque Valley and area to the north.—Adjust- 
ment between the San Francisco and Rosario 
fault systems is reflected by general north- 
easterly dips in the Abiquiu (?) and Santa Fe 


1 Read et al. (1944) show several east-west faults 
within the Magdalena group west of the Buena 
Vista fault. The writer, less familiar with the sub- 
divisions of the Magdalena group established by 
those workers, had interpreted the ——— re- 
lationships observed as the combined effects of 
irregularities in the pre-Magdalena and modern 
topographies. It is _— that faulting does 
exist as they show it. 
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formations east of the Espinaso Ridge. To the 
north, northeasterly dips prevail and the block 
is tilted obliquely to the two fault systems 
(Fig. 5, Sec. AA’). East of Huerfano Butte | 
(Pl. 1), the Abiquiu (?) formation strikes east- | 
west, so that the structure is synclinal near the 
southern termination of the Rosario fault. The 
pre-Abiquiu (?) rocks in the Tonque Valley 
conform to the synclinal pattern of deformation, | 
and presumably owe much of their present dp | 
to post-Santa Fe deformation. 

Santa Fe plateau——The area between Mesa. 
Negra and the Sangre de Cristo Mountains is | 
blanketed by Quaternary gravel, and the under- 
lying structure can only be surmised. West- 
ward-dipping beds of the Santa Fe formation | 
exposed in the Arroyo Hondo must underlie | 
much of the plateau. Older beds cannot be dis- 
tinguished from Quaternary gravels in well 
logs from the northern part of the plateau, some 
of which are more than 400 feet deep; the logs 
may be taken to suggest either that the Santa | 
Fe formation is present, or that the Quaternary # 
gravels are thick. In the Arroyo Hondo, the 
contact between Tertiary and Precambrian 
rocks is sedimentary, and the Sangre de Cristo 
Mountains south of Santa Fe appear to be 
bounded by a tilted unconformity, unbroken | 
by faulting. The western boundary of the Santa 
Fe formation in the plateau is nowhere exposed. 
North of Santa Fe Creek, beds of the Santa Fe , 
formation dip westward at Agua Fria and are | 
essentially horizontal at the eastern boundary of 
the Cerros del Rio. The pre-Quaternary rocks 
of the Santa Fe Plateau therefore appear to be 
disposed in a broad syncline plunging north- 
westward toward the Cerros del Rio. Farther 
north, in the Espafiola Valley, general westerly * 
dips prevail (Denny, 1940b, Pl. 1). A structural 
boundary between this area and the Santa Fe 
Plateau cannot be established. 


Pre-Abiquiu (?) Deformation 


Introduction—Structures younger than the if 
Espinaso volcanics but older than the Abiquiu 
(?) formation are exposed in the Galisteo Low- 
land and in the Tonque Valley, separated by 
the Ortiz Mountains, never mapped in detail. 
Relationships between the two areas are not | 
apparent in Plate 1, so the pre-Abiquiu (?) 
structures are shown in Figure 7, which in- 
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cludes a considerable area southwest of the 
Galisteo-Tonque area (Data for the latter area 
are taken from Read et al., 1944, geologic map). 
Contemporaneity cannot be demonstrated for 
all of the structures shown; available evidence 
for inclusion of individual structures is sum- 
marized below. All appear to fit into a reason- 
able areal pattern, and it is believed that the 
entire pattern was formed in post-Espinaso, 
pre-Abiquiu (?) (Oligocene) time. 

Igneous rocks were emplaced in the north- 
south line from the Cerrillos Hills to South 
Mountain during the interval post-Espinaso 
and pre-Abiquiu (?). Intrusive activity thus 
falls into the same general interval of time as 
do the structures next described. Local struc- 
tures associated with intrusions in the Cerrillos 
Hills (Stearns, 1952b) are not included in 
Plate 4. 

Sandia Mountains —The Abiquiu (?) forma- 
tion is not present near Placitas, and the Santa 
Fe formation overlies béds of the Galisteo and 
Mesaverde formations with angular uncon- 
formity (Pl. 1). It follows that an area including 
the north end of the Sandia Mountains and 
extending some distance farther north was up- 
lifted and subject to erosion in Abiquiu (?) 
time. Furthermore, the fine grain of beds in the 
Norins Well assigned to the Abiquiu (?) forma- 
tion implies that the uplift and initial rapid 
erosion in the Placitas area were largely accom- 
plished in pre-Abiquiu (?) time. However, the 
present structural pattern near Placitas is 
principally post-Santa Fe. Structures associated 
with the pre-Abiquiu (?) uplift cannot be 
specifically identified. 

The Las Huertas fault, on the east slope of 
the mountains, is probably pre-Santa Fe. The 
fault trace includes sections trending N10°E 
and N25°W, and can be traced 7 miles south 
of the Galisteo-Tonque area (Fig. 7). Strati- 
graphic displacement varies from less than 100 
to more than 1500 feet, down to the west. One 
mile east of Placitas, a parallel fault of opposite 
displacement outlines a small graben. At Teco- 
lote (Loc. A, Fig. 7; Loc. 5, Pl. 1) the Las Huer- 
tas fault is cut off by the post-Santa Fe San 
Francisco fault system. Farther southwest, at 
Placitas, the Santa Fe formation overlies the 
Mesaverde formation with angular unconform- 
ity (Pl. 1). Both formations dip northeast, the 
older formation more steeply. If these attitudes 
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were maintained without interruption, far 
Galisteo formation should underlie the Santal bevel 
Fe formation at Tecolote, as it does north off beds 
Placitas. Instead, the Mesaverde formation) Fa 
underlies the Santa Fe formation at Tecolote,) the T 
This repetition of the Mesaverde formation) of 4 
beneath the pre-Santa Fe unconformity shows} locali 
that the Las Huertas fault continues beyond) discoi 
its intersection with the San Francisco fault! but r 
system, and that it is pre-Santa Fe, probably} disco! 
pre-Abiquiu (?), in age. Its effect in mid-Ter-) beds. 
tiary time, as now, was to raise a subsidiary are st 
fault block on the east side of the larger Sandia) mile. 
uplift. | ably 
Una de Gato Basin.—The Tonque Valley is} In the 
eroded in Mesozoic and early Tertiary rocks} of tr 
disposed in a broad syncline plunging north-| nearly 
eastward, the Ufia de Gato Basin (Fig. 7) of| fault 
Darton (1928a, p. 100). The east limb of the} on st 
syncline is cut off by faults (Tuerto faulted) 85°. 7 
anticline). In the broad heel of the syncline,| ip, < 
near Hagan, beds dip from 20° to 50° north-| zone ¢ 
ward, crenulated by gentle folds plunging) in low 
northeastward and broken by complex fault-) 
ing; the folds and faults do not appear to affect] of the 
the late Tertiary rocks. Beds in the west limb} placer 
of the syncline strike nearly north-south and| @ wh 
dip from 10° to 30° east, in essential contrealtel Morri 
to beds of the Abiquiu (?) and Santa Fe forma-| trendi 
tions. Thus, the general synclinal structure is} fault | 
the resultant effect of post-Santa Fe deforma-} Ver, | 
tion imposéd upon beds which were deformed! in wh 
in pre-Abiquiu (?) time. Many 
Gentle folds plunging northeast are indicated stone 
by the attitude of beds and outcrop patterns @djace 
near Hagan. Axes are not well defined, but fault s 
may be located on Plate 1 as follows: \ be essi 
1. Synclinal, from exposures in the Arroyo Alm 
Tuerto, 3 miles southeast of Hagan, southwest Tertia 
to exposures in the Arroyo Tonque, 3 miles the be 
south of Hagan. small 
2. Anticlinal, 1 mile southeast of Hagan,| Within 
obscured by faults roughly coincident with; large ¢ 
the axial trace. Tecogn 
3. Synclinal, from the Cretaceous beds 2 of faul 
miles west of Hagan northeast to the area of/ from g 
Espinaso outcrop near Huerfano Butte. Dips) “n, 
in the west limb of the syncline were intensified) P!Naso 


by post-Santa Fe deformation. indi 

Northeast of Huerfano Butte (Loc. B, Fig. 7),, N45°E 

the Abiquiu (?) formation maintains a north- = 
nate 


west strike and gentle northeasterly dips 4 


far east as exposures exist. It thus appears to 
bevel the northeast-trending folds in the older 
beds to the south. 

Fault surfaces are generally not exposed in 
the Tonque Valley, but exposures on both sides 
of a fault define its position closely in many 
localities. Most of the faults were located by 
yeyond| discontinuities of prominent horizon-markers, 
» faylt) but many can also be traced by stratigraphic 
obably ' discordance of less conspicuous intervening 
‘d-Ter-| beds. From available data, individual faults 
sidiary_ are straight lines at a scale of 2 inches to the 
Sandia. mile. However, the fault surfaces are presum- 

_ably somewhat wavy and irregular in detail. 
ley is} In the irregular local topography, the regularity 
rocks} of trace of the faults implies that they are 
north-| nearly vertical. Approximate measurements on 
7) of fault surfaces of small displacement, exposed 
of the) on steep slopes, yielded dips of 65°, 80°, and 
‘aulted 85°. The throws of each are in the direction of 
neline, dip, and the faults are normal. In one fault 
north-| zone crossing the Dakota (?) hogback (included 
unging, in lower Mancos shale, PI. 1) east of the Arroyo 

fault-, Tonque, three fault surfaces dip 85° east. One 
, affect| of the three has reverse displacement, but dis- 
t limb! placement on the other two and in the zone as 
‘h and| @ whole is normal. In a fault zone between 
ormity| Morrison (?) sandstone and Mancos shale, 
forma-| trending NNW from Tonque (Pl. 1), isolated 
ture is| fault surfaces dip from 45°E to 45°W. How- 
forma- ) ever, these surfaces separate individual blocks 
‘ormed in what is essentiaily a giant fault breccia. 

Many prominent outcrops of silicified sand- 
licated Stone are separated by vertical faces from 
:tterns adjacent small outcrops of shale, and the main 
d, but fault surfaces enclosing the giant breccia must 

\ be essentially vertical. 

Arroyo Almost all of the known faults occur in pre- 
thwest lertiary rocks; only one was shown to offset 
miles the base of the Galisteo formation. Faults of 
small displacement could occur unrecognized 
Jagan, | within the Galisteo formation, but faults of 
- with) large displacement would certainly have been 
recognized from available outcrops. Restriction 
yeds 2) Of faulting to the pre-Tertiary rocks must arise 
rea of from greater competency of the Galisteo forma- 
_ Dips) tion, for the faults were formed in post-Es- 
nsified| Pinaso time. 
| Individual faults trend N10°W, N10°E, and 
N45°E, with few exceptions, and are inter- 
preted as gravity faults. Many faults are termi- 
nated by cross-faults of the same age; in no 
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case do offset relations indicate diverse age. 
As mapped, the faults fall into two principal 
groups. Several faults of small displacement, 
southeast of Hagan, coincide approximately 
with the crest of an anticline in Cretaceous 
beds. A thick sill is conspicuously offset by 
several faults, but porphyry dikes radial to the 
Ortiz Mountains cross faults in three localities 
without visible offset. Several faults on the 
west side of the Tonque Valley outline a series 
of three grabens (grabens A, B, and C; Fig. 7). 
The southernmost of the grabens (graben A, 
Fig. 7) trends approximately N10°E and 
appears to continue south of the area mapped; 
the other two (grabens B and C, Fig. 7) trend 
approximately N10°W. As indicated in section 
AA’ (Fig. 5), the grabens interrupt but do not 
themselves contribute to easterly dips in the 
Ufia de Gato Basin. Again, thick sills at two 
different horizons in the Mancos shale are 
broken by faults on the east side of graben A 
(144 miles west of Hagan, Pl. 1), yet a radial 
basalt dike crosses graben B (just north of 
previous location) without visible offset. 
Tuerto faulted anticline—Three miles east 
of Hagan, the east limb of the Ufia de Gato 
Basin is broken by a strong fault zone exposed 
in the Arroyos Chinana and Tuerto (Pl. 1; 
Pl. 3, fig. 1). The fault zone includes two major 
faults striking N10°E and numerous cross- 
faults of small displacement. The combined 
stratigraphic displacement in the fault zone is 
about 3000 feet in the Arroyo Chinana and 
about 2000 feet in the Arroyo Tuerto. Further- 
more, in the Arroyo Tuerto, discontinuous ex- 
posures of Triassic beds define an anticlinal 
axis, plunging northward, about a mile east 
of the fault zone. As shown in section BB’ 
(Fig. 5), the few scattered outcrops of pre-Ter- 
tiary rocks on the pediment surface north of 
the Arroyo Tuerto imply that the axial trace 
parallels the fault zone in a general way, plung- 
ing northward. The fault zone thus occurs in a 
larger zone by which beds are displaced down 
to the west, in part by flexure and in part by 
faulting. The entire structure is named the 
Tuerto faulted anticline (Fig. 7), from the 
arroyo where it is most completely exposed.As 
shown in section BB’ (Fig. 5), the structure 
might also be termed a faulted monocline, form- 
ing the west boundary of a block uplifted and 
tilted eastward. Northeast of Huerfano Butte, 
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in the gulch of the Arroyo de los Angeles (Loc. 
C., Fig. 7), beds of the Abiquiu (?) formation 
are poorly exposed across a projection of the 
Tuerto faulted anticline. The beds dip east 
more strongly than do those farther west and 
were probably deformed by renewed movements 
in the fault zone. However, Cretaceous rocks 
crop out near by, and the Abiquiu (?) forma- 
tion therefore bevels the anticlinal structure 
and rests on pre-Tertiary rocks; at least 5000 
feet of beds were removed by pre-Abiquiu (?) 
erosion. Still farther north (Loc. D and E, 
Fig. 7), Galisteo formation and Espinaso vol- 
canics crop out east of a projection of the anti- 
clinal axis. They were not eroded in pre- 
Abiquiu (?) time. This northward decrease in 
magnitude of pre-Abiquiu (?) erosion implies 
that the magnitude of the Tuerto faulted anti- 
cline decreased northward. 

These relationships, although by no means 
as clearly exposed as one could wish, show that 
the Tuerto faulted anticline was formed and 
eroded in pre-Abiquiu (?) time. Renewed move- 
ments probably occurred in the fault zone in 
post-Abiquiu (?) time; whether or not these 
movements were also post-Santa Fe cannot be 
demonstrated. 

La Madera faulted anticline—The rocks of 
the Ufia de Gato Basin dip off a northeast- 
trending arch south of the Galisteo-Tonque 
area (La Madera faulted anticline, Fig. 7). 
The west end of the arch is broken by a branch 
of the Las Huertas fault; it is probable, as in- 
ferred by Read et al. (1944, geologic map), 
that the fault is continuous, with changing 
strike, northeast to the Arroyo Tonque, al- 
though concealed by Quaternary gravels. The 
inferred trace of the fault is approximately 
coincident with the crest of the arch, which is 
thus a faulted anticline. East of the Arroyo 
Tonque and south of the Arroyo Tuerto, the 
Tuerto faulted anticline and the La Madera 
faulted anticline converge in an area concealed 
by Quaternary gravels. The two structures 
must form an essentially continuous boundary 
to the Ufia de Gato Basin. 

Tijeras fault system—The Arroyo Tuerto, 
for a distance of a mile east of state highway 10 
(Pl. 1), follows a fault between Mancos shale 
to the north and Permian and Triassic rocks 
to the south. Farther east, the fault is concealed, 
but its displacement must continue between 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 


the Ortiz Mountains, in which early Tertiary 
igneous rocks have invaded Cretaceous sedi-” 
mentary rocks, and San Pedro Mountain, in} 
which early Tertiary igneous rocks have in- 
vaded rocks of the Magdalena group. The fault’ 
has been mapped for 8 miles south of the Arroyo 
Tuerto (Read ef al., 1944; Fig. 7) as a north- 
east-trending, steep thrust fault. 

Although this fault is poorly exposed in the 
Arroyo Tuerto, it belongs to a fault system of 
great regional importance. Both Darton (J928b) | 
and Read et al. (1944), although their maps | 
differ in detail, show the fault system as con- | 
tinuous southwest of the Galisteo-Tonque area 
for 26 miles, to the west base of the Manzano | 
Mountains. Immediately south of the Galisteo- | eee 
Tonque area, the steep thrust fault separates we . 
a sharp synclinal structure in Permian and | the L 
Triassic rocks to the northwest from Precam- 

brian and gently dipping Pennsylvanian rocks Gal 
to the southeast. The Pennsylvanian rocks of | ~~ 
San Pedro Mountain locally overlie uncon- | d 
formably and locally are down-faulted against ' 
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Precambrian rocks; farther southwest, the area | plung 

of Precambrian outcrop is much greater. These | 

Cerril 

rocks, in turn, are separated from the Permian } i ie 

rocks of South Mountain by a parallel fault or the . 

faulted monocline, of opposite displacement. | |. al 
San Pedro Mountain and the broad area of | 

| outcre 
Precambrian outcrop southwest of it thus have | 

d o 

the general structure of a horst (San Pedro } oh tie 
horst, Fig. 7). Still farther southwest, the Cre- | 

struct 

taceous rocks of the Tijeras coal field crop out was 

in a synclinal wedge bounded on both sides by be 

faults. The graben thus outlined (Tijeras | pee 


graben, Fig. 7), and the faults which bound it, by fa 
continue the trend of the San Pedro horst and | 


its boundary faults. A sharp transverse mono- i = 
cline separates horst and graben. At the south- fault 
west end of the Tijeras graben, the bounding the G 
faults’ converge and are continued by a single | stratig 
fault (Tijeras Canyon fault, Fig. 7), with dis- | ey 
placement down to the southeast, which sepa- 
rates the Sandia and Manzano Mountains } duties 
structurally and determines the position of the opposi 
topographic gap between them (Reiche, 1949, | pr 
p. 1203). The southwesternmost portion of the | or gent 
Tijeras Canyon fault experienced some move-| but th 
ment in late Tertiary time. foun d 
This long, northeast-trending fault system is The 
here called the Tijeras fault system. It is double strable 


through much of its distance and outlines a/ northe: 
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rtiary 


linear slice in which deformation has been some- 
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fault | 
rroyo 
10rth- 
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what independent of deformation in adjacent 
areas. The present position of rocks exposed 
within the slice relative to the rocks of adja- 
cent areas varies on strike; in part, the slice is 
a graben, in part, a horst. Individual members 
of the fault system are apparently steep and 
chiefly normal, but one fault has been mapped 
as a steep thrust. The southwest end of the 
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system, a single fault, may extend beyond its 
known outcrops, concealed by late Tertiary 


' and Quaternary deposits in the Rio Grande 
| 


Depression. To the northeast, the system of 
| two slightly divergent faults is concealed by 

Quaternary gravels peripheral to the San Pedro 
Mountain. However, the system is believed to 
be continued east of the Ortiz Mountains by 
the Los Angeles and Las Jollas fault systems in 
the Galisteo structural basin. 

Galisteo structural basin —The area between 
| the Ortiz Mountains and Glorieta Mesa is a 
| broad structural basin with a gentle northward 
| plunge. Igneous rocks have invaded the west 
} limb of the basin in the Ortiz Mountains and 
' Cerrillos Hills (Stearns, 1952b), interrupting 
| the general easterly dips still evident west of 
| the hills in the Galisteo Monocline. The syn- 
| dinal trough is defined in a general way by 
| outcrops of the Galisteo formation near Omero 
| and of Espinaso volcanics where they impinge 
' on Galisteo Creek. However, the general basin 
| structure is interrupted by transverse faulting 
and folding, and a well-defined axial trace 
cannot be followed continuously through that 
distance. The east half of the basin is broken 
by faults related to the fault boundary of 
Glorieta Mesa. 

Los Angeles fault system.—The Los Angeles 
fault system, trending north-easterly across 
the Galisteo structural basin, is marked by 
stratigraphic displacement, by sharp local de- 
formation of beds adjacent to individual faults 
or fault zones, and commonly by strong dis- 
similarity of local structural pattern in beds on 
opposite sides of the fault zone. Individual 
members of the system appear to have a linear 
_ or gently sinuous trace, and are probably steep, 


_ but the dips of fault surfaces are not known 
from direct observation. 

The fault system is most clearly demon- 
strable in the valley of the Arroyo Los Angeles 
northeast of Kennedy, and is therefore given 
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that name. Here (Loc. L, Fig. 7), a narrow slice 
of complexly folded beds, ranging in age from 
uppermost Morrison (?) to lowermost Carlisle 
(all mapped as lower Mancos Shale in Pl. 1), 
separates gently-dipping beds of the upper 
Galisteo formation to the northwest from 
steeply-dipping beds of upper Mancos shale 
and Galisteo formation to the southeast. The 
latter beds are disposed in a sharp, assym- 
metric syncline, the axial trace of which paral- 
lels the south boundary of the fault slice. 
Northwest of the fault slice, uniform westerly 
dips prevail in a wide area, except in some 
exposures near the fault slice. These homoclinal 
beds are broken by steep (gravity?) faults 
trending N20°W to N30°W, at least two of 
which terminate against the fault slice. These 
relationships imply that the fault slice sepa- 
rates two blocks which were deformed inter- 
nally, on independent lines, at the time of 
faulting. The oldest beds exposed northwest of 
the fault slice include beds of limestone con- 
glomerate, which are believed to form a per- 
sistent horizon near the middle of the Galisteo 
formation (Stearns, 1943, p. 307, Fig. 5). 
Southeast of the fault slice, limestone con- 
glomerate does not occur and the beds exposed 
must lie entirely below that horizon. The beds 
exposed on either side of the fault slice there- 
fore belong to mutually exclusive sections of 
the Galisteo formation, and the relative dis- 
placement between them is down to the north- 
west. 

The fault slice has the structural relations of 
a horst, actively raised in a gravity fault zone 
of relatively small net displacement. The 
sharp syncline south of the fault slice con- 
trasts strongly with the gentle homoclinal 
dips north of the fault slice; the compression 
indicated by the syncline suggests that the 
south boundary of the fault slice may be a 
thrust fault. None of the relationships appear 
to be compatible with uniform tension or com- 
pression normal to the fault zone; they are 
more reasonably explained by the compression 
of an irregular slice in a zone of horizontal 
shear. 

The same net displacement, downward to 
the northwest, must continue within the Ga- 
listeo formation southwestward from the fault 
slice to Galisteo Creek, for limestone con- 
glomerates have not been found in this inter- 
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vening area and an indeterminate thickness of 
beds including them is omitted. Displacement 
in this section of the area may be considered 
either a continuation of the net shift in the 
zone containing the slice of Cretaceous beds in 
the Arroyo Los Angeles, or only a continuation 
(with decreasing displacement) of the fault 
forming the northern boundary of the slice. 
The position of the fault is probably marked 
near Kennedy by a complex offset in the El 
Creston dike (Pl. 1). East of Kennedy, El 
Creston is a prominent ridge dominating the 
north end of the Galisteo Lowland. Its general 
trend is regular, but three prominent water- 
gaps in the ridge are associated with offsets in 
the general trend. In Galisteo Creek and the 
Arroyo de Los Angeles, nearly continuous ex- 
posures show that the ridge-forming dike is 
continuous and not broken by faulting. North 
of Kennedy, on an extension of the fault, the 
dike is offset about 300 yards and continues to 
the west as the northerly of a pair of parallel 
dikes about 200 yards apart. Exposures are 
not continuous in the area of offset, but both 
east and west of the offset the dike swings 
northward in the portions exposed. 
Coincidence of the area of offset with the 
approximate position of a fault demanded by 
stratigraphic evidence implies that the offset 
takes place at a fault zone. The complex pat- 
tern of offset could be produced by a younger 
fault having a large strike-slip component, but 
the same pattern could develop, and the ab- 
sence of one dike east of Kennedy would be 
less remarkable if the dikes were intruded after 
the Los Angeles fault system was formed. 
Exposures are poor between the northeast 
end of the fault slice and Lamy; beds of the 
Galisteo formation crop out in a generally syn- 
clinal structure, but details cannot be demon- 
strated. East of Lamy, the northeast-trending 
canyon of Galisteo Creek follows a faulted 
monocline between the Sangre de Cristo Moun- 
tains and Glorieta Mesa. Two miles east of 
Lamy, the Glorieta sandstone and overlying 
rocks abut Precambrian rocks on a northeast- 
trending gravity fault (Fig. 7; Pl. 1). Darton 
(1928a) mapped the fault continuously for 10 
miles to the northeast, but Read et al (1944) 
show the structure as principally monoclinal. 
In either case, the faulted monocline lies ap- 
proximately on a projection of the Los Angeles 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 


fault system. Displacement is in an opposite 
sense, downward to the south, but geometric) .;rik: 
coincidence implies that the structure north-? The 
east of Lamy continues the same northeast-) war 
trending line of weakness. trend 
Continuity of the Los Angeles fault system angle 
southwest of Galisteo Creek is postulated from) ¢jate 
the following observations: emer} 
(1) Vertically-dipping Cretaceous shales crop} at th 
out in a small gulch 134 miles southwest off stone 
Galisteo Creek (Loc. K, Fig. 7) as a linear) with 
slice, separating a syncline in the Galisteo for- tion , 
mation to the southeast from an anticline i in} outer 
the Galisteo formation to the northwest. | Galis 
(2) At the edge of the Ortiz pediment 3 miles) | does 1 
southwest of Galisteo Creek (Loc. J, Fig. 7), af Creek 
radial porphyry dike striking N80°W is offset) simila 
through a distance of 300 yards in which the} jnferr, 
dike trends N45°E and dips 75°NW. A branch} interp 
dike continues northeastward in the direction north 
of offset. Beds of the Galisteo formation on} (3) 
both sides of the dike dip northeastward; theyj Fig. 7 
are different lithologically, but stratigraphic} tween 
displacement cannot be demonstrated. A north- 
east fracture of some importance is suggested} distan 
antedating intrusion of the radial dike. tinuit: 
(3) Steeply-dipping sandstone and red clayhas int, 
of the Galisteo formation crop out locally in aj associ; 
gulch cut in Quaternary gravel 4 miles south-| The 
west of Galisteo Creek (Loc. H, Fig. 7). The} Angel 
outcrop lies only a mile west of exposures off northe 
the Mesaverde formation and the Pelon sill,| contin 
striking N70°W and dipping 15°N. Complex! Ortiz 
structure is demanded in the intervening area; The pn 
a fault thrown down to the northwest would) contin 
be entirely appropriate. | Mount 
None of the observations is conclusive, nor | the tw 
can displacement in the intervening areas be) tion a, 
demonstrated. However, all three localities lie) of the 
on projection of the trace of the Los Angeles) to the 
fault system; their alignment suggests Com cates t 
tinuity. to the 
A parallel fault, 1g miles to the northwest) may } 
is postulated from the following observations: | exposy 
(1) Cretaceous shales are exposed in a small) hy the 
dome 3 miles northeast of Dolores (Loc. Fy tween 
Fig. 7), along the edge of the Ortiz pediment! The r, 
Its west boundary, not well exposed, appeats) lieved 
to be a fault, trending northeast and down} Tijera; 
thrown to the northwest. Mount 
(2) Two miles northeast of this localit)} Zp», 
(Loc. G, Fig. 7) limestone conglomerate of thf sil] anc 
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Galisteo formation forms a low hog-back 
metric) striking northeast, and dipping 50° to 60° NW. 
north-} The hog-back is intruded by an en échelon 
heast-} swarm of porphyry dikes; their individual 
trends intersect that of the hog-back at low 
system) angles. A line of small springs, commonly asso- 
d from) ciated with faults in other parts of the area, 
emerges on the southeast side of the hog-back. 
es crop} At the mouth of the Arroyo Choro, the lime- 
rest Oi} stone conglomerate outcrop swings eastward, 
linear) with increased dips, as a monoclinal interrup- 
0 for- tion of generally gentle northward dips. The 
line in} outcrop ceases abruptly at the flood-plain of 
‘Galisteo Creek; as noted above, the horizon 
3 miles} does not reappear for 6 miles north of Galisteo 
x. 7), Creek. The effect of the local monocline is 
; offset) similar to that of a cross-fault between the two 
ich the} inferred northeast-trending faults, and may be 
branch} interpreted as a bifurcation of the single fault 
rection north of Galisteo Creek. 
ion on} (3) A sharp synclinal axis (Dolores syncline, 
1; they} Fig. 7) parallels the inferred fault trace be- 
graphic} tween Dolores and Galisteo Creek. Although 
north-}concealed by Quaternary gravel in most of this 
gested, distance, outcrops near Dolores suggest con- 
tinuity that far. The syncline is best explained 
od clayjas interruption of general easterly dips by drag 
ly in 4) associated with the inferred fault. 
south-} The northeast-trending faults of the Los 
}). The} Angeles fault system are certainly continuous 
ures Of/northeast of Galisteo Creek, and probably 
on sill,) continuous as a double line southwest to the 
omplex| Qrtiz Mountains, a total distance of 12 miles. 
area; The northeast-trending Tijeras fault system is 
t would continuous for 26 miles southwest of the Ortiz 
Mountains. It is probably no coincidence that 
ve, NO} the two fault systems can be joined by projec- 
reas be tion across the saddle between the main mass 
ities lie’ of the Ortiz Mountains and Lone Mountain, 
Angeles|to the southeast. Section BB’ (Fig. 5) indi- 
ts con) cates that a fault with displacement downward 
to the northwest can reasonably exist, and 
thwest, may be required, in that saddle. The gap in 
utions: | exposures is 8 miles, but this distance is reduced 
a small} by the inferred displacement in the saddle be- 
Loc. F,} tween the Ortiz and San Pedro Mountains. 
diment’ The Los Angeles fault system is therefore be- 
appeals lieved to be continuous with that part of the 
| down) Tijeras fault system north of the San Pedro 
_ } Mountains. 
localitf} Zone of diapir folding —Between the Pelon 
e of the) sill and Galisteo Creek, the Galisteo formation 


is complexly folded. Upper Cretaceous shales 
are exposed in five small domes, characterized 
by steep to vertical dips in a central area of 
shale and moderate dips in peripheral beds of 
the Galisteo formation. In several localities, 
steeply-dipping shales crop out so close to 
moderately-dipping sandstones as to suggest 
strong angular unconformity, not ‘consistent 
with the rather gentle regional deformation 
postulated for pre-Galisteo time. It is there- 
fore believed that the folds are diapiric, and 
that the discordance arises from active mobility 
of the shales in the domal structures, Between 
these areas, folds in the Galisteo formation are 
highly irregular. Indivdual axial traces persist 
only short distances, and abrupt changes of 
trend are common. The domes in which Cre- 
taceous beds are not exposed may be diapiric 
at depth. 

This isolated zone of complex folding is, so 
far as known, unique in the Galisteo area. The 
trends of individual anticlines are not sys- 
tematic, and that of the zones as a whole is 
east-west, transverse to other known struc- 
tural features. The zone lies in the trough of 
the Galisteo structural basin, as does the Pelon 
sill farther south. It also lies in the same gen- 
eral area as does the inferred bifurcation of the 
Los Angeles fault system south of Galisteo 
Creek. The presence of intrusive igneous rock 
in one of the diapirs (Loc. F, Fig. 7) suggests 
that all of the diapirs may be related to igneous 
intrusion at depth. However, a single, con- 
vincing explanation of the complex structure 
cannot be drawn from the data at hand. 

Las Jollas fault system—Beds of the lower 
Mancos shale crop out in a gentle dome? in the 
southwest portion of the Canyada Las Jollas, 
separated by a northeast-trending fault from 
nearly flat-lying beds of the upper Mancos 
shale exposed in the escarpment of the Estan- 
cia Valley. The fault separates beds of diverse 
structure as well as diverse age. Stratigraphic 
displacement decreases to the northeast, but 
northeast-trending faults of small displace- 
ment near Omero are believed to be part of 
the same fracture system. Similarly, northeast- 
trending faults in the Galisteo Lowland, asso- 


2 The dome appears to center on Lone Mountain 
and is presumed to be related to igneous intrusions 
in that vicinity, but the complete structure has 
not been mapped. 
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ciated with the fault boundary of Glorieta 
Mesa, to be described below, appear to con- 
tinue the same fault system. These several 
faults are here called the Las Jollas fault sys- 
tem; their position and trend is appropriate to 
a continuation of that part of the Tijeras fault 
system south of the San Pedro horst. 

Fault boundary of Glorieta Mesa.—The Ga- 
listeo Lowland is underlain by upper Creta- 
ceous rocks dipping generally westward, in 
the east half of the Galisteo structural basin. 
Glorieta Mesa is underlain by Triassic and 
older rocks, gently warped but relatively flat- 
lying. The two areas are separated by a com- 
plex fault system, with net displacement down- 
ward to the west. An highly irregular topo- 
graphic boundary, controlled by the relative 
resistance of rocks involved in the fault sys- 
tem, only imperfectly reflects the structural 
boundary. 

Details of the fault system are not com- 
pletely known. The structure of the pre- 
Cretaceous rocks was not mapped in detail. 
The faults mapped within the upper Creta- 
ceous rocks are demanded by offset of the 
horizons traced in the field, but observed out- 
crops by no means provide complete contin- 
uity of those horizons.’ In the area south of the 
Arroyo San Cristobal, where relatively abun- 
dant horizon-markers occur in the lower part 
of the upper Cretaceous series, the faults 
shown on Plate 1 and Figure 7 are well located 
and no important faults are omitted. In the 
valley of the Arroyo San Cristobal and north- 
ward as far as Lamy, available outcrops are 
not sufficient to yield more than a generaliza- 
tion of an unquestionably complex system. 
North of El Creston, outcrops were not found 
in the area mapped as, and presumably under- 
lain by, upper Cretaceous rocks. 

At Lamy, the saddle between Glorieta Mesa 
and Cérro Colorado, in which the Galisteo 
formation is exposed, marks the position of a 
fault trending N15°E, which appears to branch 
from the Los Angeles fault system. South from 
Cerro Colorado to El Creston, exposures of 


3 The extent of control by actual outcrop is in- 
dicated generally in Plate 1 by the relative extent 
of solid and broken-line contacts. In fact, somewhat 
more complete control than shown was provided by 
horizon-markers, not included in 
Plate 1. 
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Cretaceous rocks west of the boundary fault} 


are not known, and the western limit of Tri) ‘ 


assic outcrops is more or less irregular, sug/ 
gesting that the fault pattern is complex. 
Between El Creston and the Arroyo San 
Cristobal, a north-south fault separates upper 
Cretaceous rocks to the west from Triassic 
rocks of complex structure immediately to the 
east. A broad area without outcrops separates, 
these Triassic beds from those in Glorieta) 
Mesa proper. West of the boundary fault, the 


upper Cretaceous beds are broken by two anti- 


thetic faults, tending north-south. 
South of the Arroyo San Cristobal, the Mor: 
rison (?) formation outcrops in a broad mesa, 
separated from Glorieta Mesa proper by the) 
valley of the Arroyo Jaspé, and broken by 
numerous faults of small displacement. Only 
few of these faults are shown in Plate 1; they 
are omitted from Plate 4. The area of Morri- 
son (?) outcrop is separated from the Triassic) 
rocks of the Glorieta Mesa proper by faults 
generalized in Plates 1 and 4. The fault in- 


posed north of the Arroyo San Cristobal, in an} 
unnamed tributary (Pl. 3, fig. 2). It is essen- 
tially vertical in this outcrop. However, the 
Morrison (?) beds partake in general of the) 
relatively flat-lying structure of the — 
beds farther east (Read et al., 1944). Several 
en échelon faults, slightly concave to the 
northwest,‘ separate the mesa from the low- 
land eroded in upper Cretaceous rocks, and 
continue some distance into the lowland. 
Steepening of the otherwise gentle dips gen- 
erally occurs adjacent to the faults. For about 
a mile of its length, the Arroyo Jara follows a} 
monoclinal structure which provides a part of) 
the same displacement down to the west. 

The upper Cretaceous rocks in the Galisteo| 
Lowland form the west half of a broad dome,| 
the crest of which lies between the Arroyos| 
Jara and San Cristobal. Its position is outlined 
by the top of the lower Mancos shale, marked 
by the outcrop and inferred position of the 
Juana Lopez member of the Mancos shale 
(Pl. 1). The east half of the dome does not 
appear to be present in the pre-Cretaceous rocks 
farther east. According to Read and Andrews 


‘The concavity is conspicuous in aerial photo 
graphs, and undoubtedly real. 
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(1944), low westerly dips prevail 3-5 miles east 
of the boundary of Glorieta Mesa. The dome 
is therefore a local interruption of a more gen- 
eral homoclinal structure, and is probably 
genetically related to the faulting. The dome is 
further broken by a prominent north-south 
antithetic fault, and by northeast-trending 
faults of lesser displacement, probably be- 
longing to the Las Jollas fault system. The 
latter faults appear to terminate against the 
north-south fault, but this implied relation- 
ship may arise from ignorance; outcrops are 
| lacking east of the north-south fault in the 
critical area. The north-south fault appears to 
| be systematically offset eastward where it 
} intersects the en échelon northeast fractures. 
However, the apparently systematic offset is 
not real, as displacement on the two northeast- 
trending fractures is in the opposite direction. 
The faults of diverse trend are not of diverse 
_age, but belong to a single complex system 
formed contemporaneously. 

South of the Arroyo Jara, displacement 
downward to the west is continued by faults 
trending nearly north-south as far us the limits 
of the area mapped. The Jurassic beds adja- 
cent to the boundary fault dip moderately 
northwest and are brecciated by numerous 
small faults (Pl. 3, fig. 3; only two larger faults 
are shown in Pl. 1) striking east-northeast. 

Thus, the fault boundary of Glorieta Mesa 
includes two sections trending north-south, 
offset between the Arroyos San Cristobal and 
Jara. The offset is coincident with the inferred 
termination of the Las Jollas fault system 
against the fault boundary of Glorieta Mesa; 
, the trends of the off-setting boundary faults 
| are intermediate between those of the two fault 
systems elsewhere. The two fault systems ap- 
pear to be contemporary in the area of offset. 
Thus, although faults of the Las Jollas fault 
systems are of only small stratigraphic dis- 
placement at the intersection, the resultant 
pattern suggests an intersection of two fault 
systems of equal regional importance. 

The upper Cretaceous rocks of the Galisteo 
Lowland are separated from nearly flat-lying 
beds in the scarp of the Estancia Valley by a 
northwest-trending fault of varying displace- 
ment downward to the southwest. The fault is 
transverse to both the Las Jollas fault system 
and the fault boundary of Glorieta Mesa. It is 
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perhaps an adjustment in the acute angle 
bounded by those systems. 

The age of the fault boundary of Glorieta 
Mesa cannot be established directly except 
that, near Lamy, it is post-Galisteo. None of 
the faults in the Galisteo Lowland could be 
traced northward into the Galisteo formation, 
and they presumably die out northward. One 
of the north-south faults crosses a wide gap in 
El Creston. Projections of the dike on either 
side of the gap indicate offset, but exposures of 
the dike are lacking for 200 yards. The rela- 
tionship of the apparent offset to the fault is 
thus not established. The dike crosses the 
next fault east without visible offset, and ter- 
minates abruptly at or near the boundary fault 
between Cretaceous and Triassic rocks. The 
north-south faults, and presumably the entire 
system, are therefore believed to antedate in- 
trusion of the dike. 

Summary and interpretation —Deformation 
in the interval post-Espinaso and pre-Abiquiu 
(?) outlined the following structural features: 

(1) A northeast-trending fracture system, 
including the Tijeras fault system south of the 
Galisteo-Tonque area, the Los Angeles and 
Las Jollas fault systems in the Galisteo struc- 
tural basin, and the fault system separating 
the Sangre de Cristo Mountains from Glorieta 
Mesa. Although absolute continuity cannot be 
established, gaps are relatively small and re- 
gional failure on a line of weakness more than 
60 miles long is indicated. The fracture system 
separates blocks which differ in both general 
and local structural pattern. Fault surfaces are 
steep and generally normal. However, relative 
displacement varies on strike and one impor- 
tant fault has been described as a thrust. Fur- 
thermore, deformation within the fault slice 
exposed in the Arroyo Los Angeles and in beds 
immediately southeast of it suggest that the 
fault slice moved upward by compression in a 
“normal” fault zone. Neither uniform tension 
nor uniform compression normal to the fracture 
system is suggested, and the fracture system is 
tentatively interpreted as a horizontally di- 
rected shear. Strike-slip cannot be demon- 
strated, but rotational stress in the horizontal 
plane is implied. 

(2) The block southeast of the Tijeras-Las 
Jollas fault systems, largely concealed by 
Quaternary gravels in the Estancia Valley, is 
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broadly synclinal, characterized by gentle dips 
in the Manzanita Mountains to the west and 
the southern extension of Glorieta Mesa to the 
east. The pattern is interrupted locally by 
faults of small displacement. The fault bound- 
ary of Glorieta Mesa and probably the mono- 
cline east of the San Pedro horst extend for 
some distance beyond the Las Jollas fault 
system into the southeast block, and the ig- 
neous rocks of South Mountain are a south- 
ward extension of the line of intrusions north 
of the Tijeras fault system. In general, how- 
ever, the structure is gentler and simpler than 
that northwest of the Tijeras fault system. 
Reiche (1949, p. 1210) has recently commented 
on the absence of “Laramide’’ (pre-Abiquiu 
(?)) deformation in the Manzanita Mountains. 

(3) The area northwest of the Tijeras and 
Los Angeles fault systems is thrown into broad 
folds, plunging northward. Anticlinal axes lie 
in the Sandia Mountains, the Tuerto faulted 
anticline, and possibly in the Sangre de Cristo 
Mountains east of the area mapped; synclinal 
axes in the Tonque Valley and Galisteo struc- 
tural basin. As indicated in section BB’ (Fig. 
5), the Tuerto faulted anticline may be re- 
garded as a faulted anticline, a faulted mono- 
cline, or a tilted block bounded to the west by 
flexure as well as faulting. As inferred by Dar- 
ton (1928a, p. 99-100), the Sandia uplift was 
probably a faulted anticline, but the west limb 
has been cut off by post-Santa Fe faulting. 
Faults in the steep west limbs are normal, and 
do not imply compression. That the gentler 
east limbs of both folds were subject to tension, 
is indicated by the grabens east of the Sandia 
axis (Grabens A, B, and C, Fig. 7), and implied 
by the north-south line of intrusions in the 
Ortiz Mountains and Cerrillos Hills. The ten- 
sional faults may be ascribed to relaxation in 
folds formed by earlier compression; or the 
composite structures may be interpreted as the 
adaptation of shallow-seated beds to folding 
by compression of a deep-seated layer. The 
writer prefers the latter interpretation, first 
advanced by Gilbert (1875, p. 62) and sup- 
ported by Gilluly (1932, p. 88) for Basin Range 
Structure. Deep-seated, east-west compression 
is compatible with northeast shear in the 
Tijeras and Los Angeles fault systems. 

The La Madera faulted anticline and minor 
folds in the Tonque Valley trend northeast, 
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‘Quaternary gravels. The faulted monocline 


transverse to the north-south structures and 
parallel to the Tijeras fault system. Their 
position is between the Sandia and Tuerto 
faulted anticlines and opposite that portion of 
the Tijeras fault system which has been de- 
scribed as a thrust fault. It is tentatively sug- 
gested that the northeast-trending folds reflect 
northwest compression in the footwall of the 
steep thrust fault. 

The Galisteo structural basin shares the 
north-south trend of the Sandia and Tuerto 
faulted anticlines, but is broader and gentler, 
implying that intensity of deformation died 
out northeastward. Horst and graben structure, 
outlined by northwest-trending faults, charac- 
terizes the east limb of the structural basin. 
Like the grabens of the Tonque Valley, the 
faults may indicate stretching in the west limb 
of an anticline raised in the Sangre de Cristo 
Mountains, east of the area mapped. 

(4) The slightly divergent faults of the 
northeast fracture system enclose a block of 
varying displacement relative to adjacent 
areas, the several sections separated by trans- 
verse faulted monoclines. Thus, the Tijeras 
graben is separated from the San Pedro horst 
by a sharp, transverse monocline, and the San 
Pedro horst must in turn be separated from the 
gently synclinal Galisteo structural basin by a 
transverse monoclinal structure concealed by 


forming the west boundary of Glorieta Mesa is 


a similar transverse structure, against which 
the southeastern member of the northeast 
fracture system terminates. In a general way, | 
the Tijeras graben, San Pedro horst, and/| 
Galisteo structural basin within the fault block | 
correspond in position to the Ufia de Gato 
basin, Tuerto faulted anticline, and Galisteo 
structural basin north of the Tijeras and Los 
Angeles fault systems. The north-south line of 
intrusions cuts completely across and beyond 
the fault block. Thus, the wedge-shaped fault 
block shares its principal structural elements 
with those to the north. Complete continuity 
does not obtain, however; the Tijeras and Los 
Angeles fault systems are accompanied by 


numerous transverse structures, such as the 
La Madera faulted anticline, developed by! 
independent internal deformation of the adja! 
cent blocks and interrupting the major north 
south trends. 
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LATE TERTIARY History OF NORTH-CENTRAL 
New Mexico 


Introduction 


Deformation and erosion in the interval 
post-Espinaso and pre-Abiquiu (?) established 
a pattern upon which late Tertiary deforma- 
tion and deposition were superimposed. The 
Galisteo-Tonque area is marginal to the Rio 
Grande Depréssion, and its late Tertiary his- 
tory is only part of that of the larger structural 
entity. Because of recent emphasis on the com- 
plexity of the late Tertiary Albuquerque-Belen 
basin (Wright, 1946), discussion of the late 
Tertiary evolution of the Galisteo-Tonque area 
is extended to include available data on the 
Rio Grande Depression in northern New Mex- 
ico. 


Abiquiu Basin of Deposition 


The lithologic character of the Abiquiu (?) 
formation in the Tonque Valley and in the La 
Bajada escarpment may be taken to indicate 
the following general conditions of deposition: 

(a) The nontuffaceous beds of the formation 
could have been derived entirely from erosion 
of the Galisteo and Espinaso formations. Meso- 
zoic rocks, which break down principally into 
quartz sand and clay, or Tertiary intrusives, 
generally indistinguishable in hand specimen 
from similar pebbles in the Espinaso volcanics, 
could have contributed débris without appre- 
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ciably altering the character of beds. However, 

| Precambrian rocks; the Magdalena group, 
| from which at least chert would have survived; 
| Pemno-Triaesic red beds, of which some, at 
least, of the color would persist in the sand 
sizes; and contact metamorphic rocks, com- 
mon in the Cretaceous shales and older rocks 
of the Ortiz-South Mountain chain, were not 
recognized. Their absence implies that erosion 
of the highlands produced by pre-Abiquiu (?) 
deformation had not stripped great thick- 
nesses of their original cover. 

(b) The fine-grained detritus implies that 
near-by areas had no considerable relief. The 
Espinaso volcanics, at least, are a potential 
source of coarse clastic fragments. Increase of 
grain size in the upper part of the Arroyo 
Pinovetito section and comparable coarsening 
of materials overlying the tuffs north of La 
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Bajada indicate some accentuation of relief in 
the latter part of the sedimentary cycle. 

(c) Decrease in grain size northward in the 
Tonque Valley, and between the Tonque 
Valley and the La Bajada escarpment, suggests 
(1) a northerly drainage out of the area of the 
present Tonque Valley, from source areas to 
the south, and that, (2) if source areas existed 
to the east or west, their relief diminished 
rapidly from south to north. The latter infer- 
ence is in accord with the northward plunge of 
pre-Abiquiu (?) structures west of the Ortiz 
Mountains. 

(d) The tuffs of the La Bajada escarpment 
were presumably carried into the area by 
southward-flowing streams heading far to the 
north in the Taos plateau. 

(e) The thin-bedded limestones, and prob- 
ably the tuffs, of the La Bajada escarpment 
were deposited in bodies of standing water. A 
lake did not occupy the area continuously, but 
varied in extent or position seasonally, or as 
determined by the variable accumulation of 
sediment. However, a lake or lakes must have 
existed in the vicinity during much of Abiquiu 
(?) time. 

(f) The consistent color difference between 
the Abiquiu (?) and Santa Fe formations may 
reflect a difference in the climatic conditions 
governing weathering, in the nature of the 
rocks exposed, or both. The common decom- 
position of porphyry pebbles in the Abiquiu (?) 
formation, in contrast to the relative freshness 
of similar pebbles in the Santa Fe formation 
suggests that chemical weathering was more 
effective in Abiquiu (?) time. 

In the Tonque Valley the base of the Abiquiu 
(?) formation generally overlies the Espinaso 
volcanics. In the southern part of the Tonque 
Valley, however, the formation bevels a minor 
fold in the early Ufia de Gato Basin and laps 
across part of the Tuerto faulted anticline. 
These structures were formed in pre-Abiquiu 
(?) time, although renewed movements in the 
fault zone may have occurred in post-Abiquiu 
(?) time. The total shift in the Tuerto faulted 
anticline, downthrown to the west, is about 
7000 feet (Section BB’, fig. 5). The initial fault 
scarp was destroyed before or during Abiquiu 
(?) time. It is probable, however, that the 
scarp retreated eastward, and that a low high- 
land occupied the site of the present Ortiz 
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Mountains during Abiquiu (?) time. Erosion of 
the Espinaso volcanics and Galisteo formation 
in this highland would undoubtedly have ex- 
posed the upper portions of the larger intru- 
sive bodies and, by greater resistance to erosion, 
the intrusive rocks would have formed hills 
then as now. As erosion stripped the sedi- 
mentary cover, the size and perhaps even the 
relief of the hills would increase. The increase 
of grain size higher in the Abiquiu (?) forma- 
tion may reflect such increasing exposure. It is 
not sufficient to demand a large increase of 
relief. 

A highland north of the present Sandia 
Mountains is indicated by stratigraphic rela- 
tions at Placitas. Assignment of fine-grained 
beds in the Norins Well to the Abiquiu (?) 
formation implies that the near-by highland 
was low and may indicate that the Ortiz-South 
Mountain highland east of the Tonque Valley 
was a more effective source of detritus than the 
Sandia highland to the west. 

The Tonque Valley, therefore, was the site 
of a local basin of deposition, bounded on the 
east by an eroded scarp and on the west 
by slopes cut into a tilted block modified by 
faulting. It was probably further bounded 
on the south by scarps associated with the 
La Madera faulted anticline. None of the 
bounding highlands had great relief; that to 
the east may have had greater relief than that 
to the west. Streams flowed northward through 
the basin of deposition toward lakes in the 
vicinity of La Bajada. 

The basin of deposition may well have been 
continuous between La Bajada and the Arroyo 
Hondo. Present exposures of Espinaso vol- 
canics east of the trace of the Tuerto faulted 
anticline (4 miles south of Rosario Siding, Pl. 
1; Loc. E, Fig. 7) imply that the magnitude of 
that fold decreases northward and that it prob- 
ably dies out altogether. The margin of the 
sedimentary basin would have swung east- 
ward some distance south of Rosario Siding, 
probably to a northwestward-facing scarp 
associated with the Los Angeles fault system 
east of the Ortiz Mountains. In the Arroyo 
Hondo section, both the absence of a thick 
tuff horizon derived from the north and the 
probable derivation of materials from erosion 
of the Galisteo formation are consistent with 
northwestward drainage from such a scarp. 
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new, subsiding basin of deposition. Deformation 


The apparent thinning of the Abiquiu (?) 
formation between the Arroyo Hondo and 


Santa Fe probably indicates the approach to ; 


greatly reduced remnants of highlands raised 


in the Sangre de Cristo Range in pre-Abiquiu | 


(?) time. The thinning might be interpreted as | 


the result of post-Abiquiu (?), pre-Santa Fe 


erosion consequent upon uplift of the Sangre 
de Cristo Range. However, Denny (1940b, 
p. 690-691) has shown that the Santa Fe basin 


of deposition included much of at least the 
western half of the Sangre de Cristo Mountains, | 
which implies that pre-Santa Fe uplift did not | 
take place near Santa Fe. Certainly, the relief 
of the Sangre de Cristo Range was not great in 
Abiquiu (?) time. It may, however, have re- 
mained an area of erosion rather than of sedi-| 
mentation. 

The areas described were, of course, re-en- 
trants of a much larger sedimentary basin in 
which the Abiquiu (?) formation was deposited. 
The pattern of the re-entrants corresponds 
generally to that of structures described in an 
earlier section as pre-Abiquiu (?). Overlap of 
the Tuerto faulted anticline by the Abiquiu 
(?) formation implies that most of these struc- 
tures are pre-Abiquiu (?). The correspondence 
of pattern obtains because eroded remnants of 
older structures existed on the margins of a 


contemporary to the Abiquiu (?) formation is 
implied by’the recorded change from erosion 
to deposition, by maintenance of a supply of 
detritus to areas of deposition, and by varia-| 
tion in thickness of the Abiquiu (?) formation. | 
However, this intra-Abiquiu (?) deformation | 
followed new lines, indicated by a paleogeo- 
graphic sketch of the sedimentary basin in 
north-central New Mexico (Fig. 8). 

The Abiquiu tuff fan radiated from con- 
temporary volcanic centers probably located in 
the present Taos Plateau (Butler, 1946, p. 
81-87). Detritus from these centers flooded 
areas of considerable relief in the Tusas quad- 
rangle and spread southward into and beyond 
the Abiquiu quadrangle. In the southern half 
of the Abiquiu quadrangle, the volcanic débris) 
spread out on an erosion surface of low relief 
(Smith, 1935, p. 949), which extended south- 
west at least as far as San Pedro Mountain, 
where it bevelled the early Tertiary Nati 
miento uplift (Church and Hack, 1939). The 


few m 
San Pe 
the Ab’ 


‘ 
= 
| 


LATE TERTIARY HISTORY OF NORTH-CENTRAL NEW MEXICO 495 
u (?) 07° 106° 
ABIQUIU TIME |: 
(EARLY SANTA FE TIME) |. 
aise INOS FORMATION" 
piquiu 0 10 20 3 
ted as | Scale in Miles \ ome 
ta Fe Tierra Amarilla 
‘beste | kenters of 
st the | § \ 
eat in 
i 
sedi- | oPicuris f 
SAN, PEDRO MTN. 3 
sin in 7 
in an thin? 
lap of 1 
biquiu A 
\ 
ply of Madrid 
ig Bernalillo 
varia- 
f Placitas‘— 
ration. i 
nation 
eogeo- \ i 00 + 
sin in = 
{ 
107° 106° 
ated in LEGEND 
46, Pp. 3'~ Outecrops of pre-Santa Fe Inferred major stream 
looded volcanics in Taos Plateau of Abiquiu time” 
-quad- . Inferred directions of flow of Area subject to erosion 
yeyond other streams of Abiquiu time in Abiquiu time 
halt Principal modern streams 
débris 
y relief Ficure 8. PALEOGEOGRAPHIC Map or NortH-CENTRAL New MEXIco IN Asiguio Time 
south- 
ntait,) few monadnocks rising above the surface in Subsequent erosion has removed the erosion 
Natt} San Pedro Mountain were probably buried by surface and overlying deposits from the south- 
). The} the Abiquiu tuff. ern end of the Nacimiento uplift, but similar 


3 E 
| | 
: 


496 


conditions very probably obtained there. 
Smith considered the Chicoma volcanics of the 
Valles Mountains to be older then the Abiquiu 
tuff, but pointed out that the younger forma- 
tion carries no evidence of contribution from 
the older (1938, p. 950-952). There is, in fact, 
no evidence that highlands existed in either 
the Nacimiento or Valles areas. The southward 
decrease of grain size in the Abiquiu quad- 
rangle implies that none did exist, and that the 
Abiquiu tuff fan blanketed at least part of the 
area. The southern limit of the fan, and of the 
basin of deposition, did not lie north of those 
present mountains. 

In the Rincones de Zia, south of the Sierra 
Nacimiento, the Lower Gray member of the 
Santa Fe formation is distinguished by con- 
sistently gray-white color. It is overlain by 
the Middle Red member, of very similar 
lithology but strikingly different color (Bryan 
and McCann, 1937, p. 811-812). Lenses of 
pebbly sand in both members carry small frag- 
ments of red granite. The nearest present ex- 
posures of granite are in the Sierra Nacimiento, 
probably too close at hand to provide only 
small fragments. Bryan and McCann (p. 814- 
815) therefore suggest that the fragments may 
have been introduced by a long and roundabout 
drainage system from the Sierra Nacimiento. 
It is also possible, however, that they were de- 
rived from outcrops in the more distant Zuni 
Mountains, and that no highlands existed in 
the Nacimiento area. The Lower Gray mem- 
ber thins southward from 1551 feet in the Rin- 
cones de Zia to 390 feet in the Canyada Pilares, 
a distance of 10 miles (p. 816, fig. 5). The 
Lower Gray member is somewhat coarser as 
well as thinner in the Apache Graben, 10 miles 
further south (Wright, 1946, p. 402-403). The 
bulk of the material in this area, including vol- 
canic as well as granitic pebbles, was probably 
derived from Mount Taylor and the Zuni up- 
lift to the west. Near Jemez pueblo, 10 miles 
north of the Rincones de Zia and closer to the 
Sierra Nacimiento, gray-white beds probably 
equivalent to the Lower Gray member are very 
fine-grained (Renick, 1931, p. 56, Pl. 7A). The 
combination of all these observations suggests 
that the Lower Gray member was deposited 
by streams flowing northeastward into a sub- 
siding basin northeast of the Rincones de Zia. 

It is consistent with, although by no means 
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demanded by, present information to correlate 


the Lower Gray member with the Abiquiu 7 
tuff. The Lower Gray member, like the Abi- [ 


quiu tuff, underlies more reddish beds carrying 
fossils compatible with the known Santa Fe 
fauna (Bryan and McCann, 1937, p. 807-808). 
It appears to date from a time when highlands 
did not exist in the Sierra Nacimiento or Valles 
Mountains—when, in fact, the position of 
these present highlands lay within a basin sub- 
siding more rapidly than adjacent areas. The 


axis of such a basin would provide a logical | 


southern limit to the Abiquiu tuff fan. The 
axis was presumably occupied by a master 
stream to which both northward- and south- 
ward-flowing streams were tributary. 

This basin lies athwart the course of the 
ancestral Rio Grande as outlined by Bryan 
(1938, p. 205-208, fig. 46). However, the river 


certainly post-dates the Abiquiu tuff fan, which | 


continued uninterrupted across its postulated 
course in the Abiquiu area. Wright (1946, p. 
411-412) shows that the Lower Gray member 
may date from a time before the ancestral Rio 
Grande was established. 

The age relationship of the sub-basin here 
postulated and the Gabaldon sub-basin of the 
Lower Rio Puerco area is not clear. The Lower 
Gray member cannot be recognized in the 
‘southern portion of the Lower Rio Puerco area, 
and its relationship to the Gabaldon playa 
deposits thus cannot be demonstrated (Wright, 


1946, p. 402-403). Wright suggests that the | 
color difference between the Lower Gray mem- | 
ber and the overlying Middle Red may disap- | 
pear southward with changes in the sources of 
material. The darker (reddish) beds farther 
south may thus be equivalent to both members 
farther north (p. 402). Wright thus tentatively 
correlates the playa deposits with both mem- 
bers of the area farther north (p. 410). It is 
also possible, however, that the Lower Gray 
member actually thins southward rather than 
grading laterally into darker beds. The Middle 
Red member thickens southward as the Lower} 
Gray member thins, but not at a comparable 
rate, as might be expected in the case of lateral 
gradation. The color differentiation may be the 
product of climatic differences rather than of 
differing source materials. It is here postulated, 
therefore, that the Lower Gray member is thin 
or absent in the Lower Rio Puerco area, and 
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that the Gabaldon playa deposits are entirely 
equivalent to the Middle Red member. The 


- fossil content of the Middle Red member indi- 


cates that it is equivalent to part of the Santa 
Fe formation in the type locality rather than 
to the Abiquiu tuff. The principal development 
of the Gabaldon playa may therefore post-date 
the beds here correlated with the Abiquiu tuff. 

Available data on present thicknesses of the 
beds here correlated with the Abiquiu tuff are 
plotted in Figure 8, and generalized isopachs 
have been sketched. Present thicknesses, of 
course, are the combined results of irregularities 
in the pre-Abiquiu topography, of warping 
contemporary to deposition, and of subsequent 
erosion. However, most of the thicknesses cited 
were obtained in sections overlain by the Santa 
Fe formation, and should approximate original 
thicknesses. 

The available data suffice to show that the 
basin of deposition was complex. A rather 
symmetrical trough north of Santa Fe is sug- 
gested by (1) the isopachs as drawn, although 
data on the east side are nearly lacking and 
may constitute evidence of post-Abiquiu (?), 
pre-Santa Fe erosion; and (2) the prominent 
southward extension of the Abiquiu tuff fan. 
A second basin south of the present Valles 
Mountains, oblique to the first, is implied by 
the considerable thicknesses in the Rincones 
de Zia, Tonque Valley, and New La Bajada 
Hill. The southeast margin of the basin was 
irregular because of pre-existing irregularities 


| of topography. 


It may be presumed that the axis of this 
subsidiary basin was the site of an important 
stream, carrying convergent drainages from 
the northeast, northwest, and southwest to- 
ward the deep portion of the basin. The fate of 
such a stream is conjectural. It may have 
ended within the basin; the occurrence of la- 
custrine deposits at New La Bajada Hill sug- 
gests that the basin was closed. However, the 
lakes may have been formed locally at times 
when active aggradation of the Abiquiu tuff 
fan impinged upon the north end of the Sandia 
Highland, blocking and temporarily ponding 
drainage from the Tonque Valley and Galisteo 
Basin. Hence, it is also possible that the Abi- 
quiu basin, like the later Santa Fe basin, drained 
southward west of the Sandia Mountains. 

The Norins Well lies in a position critical to 
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the problem, and convincing identification of 
the Abiquiu (?) formation in its log would per- 
haps provide a solution. Certainly, if the Abi- 
quiu (?) formation is represented in the upper, 
coarse-grained beds, its thickness (a fraction, 
probably small, of 2150 feet) is less than that 
in the Rincones de Zia and in the La Bajada 
escarpment. Closure of the isopachs on the 
southern margin of the postulated sub-basin 
and probable confinement of the drainage would 
be strongly suggested. However, interpretation 
of some part of the fine-grained gray beds as 
representing the Abiquiu (?) formation would 
suggest a thickness comparable to those farther 
north, perhaps even greater. Active subsidence 
of an area west of the Sandia Mountains would 
be required (but without effective accentuation 
of the Sandia highland) and maintenance of 
through drainage to the south implied. The 
latter interpretation is considered most con- 
sistent with the data at hand. 


Santa Fe Basin of Deposition 


The river deposits of the Galisteo-Tonque 
area have been interpreted previously (Bryan, 
1938, p. 207; Denny, 1940b, p. 690; Bryan and 
Upson, unpublished manuscript) as part of the 
series of outcrops which more or less defines 
the course of the ancestral Rio Grande, which 
integrated several sedimentary basins in Santa 
Fe time. This river, like its modern counter- 
part, flowed through the west side of and west 
of the Galisteo-Tonque area. This area, there- 
fore, was in the east side of the sedimentary 
basin in which the Santa Fe formation was de- 
posited. The course of the ancestral Rio Grande 
swung through a broader belt than does the 
present Rio Grande. Within the Galisteo- 
Tonque area, river deposits and the upper 
part of the fan deposits west of the San Fran- 
cisco fault are contemporaneous. Specific cor- 
relation of horizons is not possible, and faults 
break the areal continuity, but intercalation of 
the two types occurs. The Santa Fe lavas of 
the Mesa Santa Ana are also contemporary to 
river deposits. Accumulation of lava in that 
area would tend to push the ancestral Rio 
Grande eastward. However, the river main- 
tained its course close to the lava margins, be- 
cause of aggressive fan construction by its 
tributaries to the east. 
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The fan deposits west of the San Francisco 
fault grow coarser to the east (Fig. 4), further 
from the ancestral Rio Grande and closer to 
their source. The abundance of porphyry 
pebbles in gravel lenses implies an unrestricted 
drainage from the east across the San Fran- 
cisco fault. Some pebbles of contaet meta- 
morphic rock types can only have been derived 
from the Ortiz-South Mountain chain. A het- 
erogeneous mixture of igneous, sedimentary, 
and metamorphic rocks is exactly what erosion 
of these mountains does and would have pro- 
duced. The drainage barrier which now exists 
east of the San Francisco fault between Placitas 
and the Arroyo Tonque cannot have existed in 
Santa Fe time. Streams must have flowed at 
will from an Ortiz highland west and north- 
west to the ancestral Rio Grande. 

The lack of a drainage barrier east of the 
San Francisco fault does not imply that the 
fault was not active during Santa Fe time. 
North of the Arroyo Tonque, where the fault 
now brings Cretaceous and early Tertiary rocks 
to the surface, no drainage barrier exists at 
present. Similar conditions could have existed 
farther south in Santa Fe time. The calcareous 
sediments of the Mesa de la Cal are best inter- 
preted as spring deposits associated with the 
San Francisco fault. Modern springs are asso- 
ciated with this and other faults in the area. 
Similar deposits, of Pleistocene and Recent age, 
blanket the south slope of the mesa at Alamos 
Altos ranch. Calcareous silts and thin lenses 
of travertine are interbedded with the youngest 
alluvium in the Arroyo Alamos Altos where it 
crosses the fault. It is believed that the tra- 
vertines of the Mesa de la Cal indicate that the 
San Francisco fault was active during at least 
the last stages of deposition of the Santa Fe 
formation. It is probable, however, that a con- 
tinuous mantle of sediment extended from the 
Ortiz Mountains to the ancestral Rio Grande. 

The basal gravels at Placitas, considerably 
coarser than any observed elsewhere in the 
Galisteo-Tonque area, were presumably de- 
posited close to their source. Gravel lenses 
containing porphyry pebbles are intercalated 
in these coarse beds, but are not the coarsest 
materials present. The large blocks are all red 
sandstone, except for a few blocks of Creta- 
ceous sandstone at the very base. The porphyry 
pebbles, like those in other parts of the Santa 


C. E. STEARNS—GALISTEO-TONQUE AREA, NEW MEXICO 
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Fe formation, originated in the Ortiz-South 
Mountain chain. The red sandstone blocks 
came from a highland on the site of the present 
Sandia Mountains, but capped by Permo. 
Triassic red beds, in contrast to the present 
Magdalena limestone cap. Much of the red 
bed sequence was probably eroded from the 
Sandia Mountains in Santa Fe time. It is also 
probable that the highland block, then as now, 
was bounded by the northeast-southwest faults 
near Placitas. Relief was probably not as great, 
however. The modern streams carry some . 
blocks of Magdalena limestone and Precam. “© ° 
brian granite at least twice as great as those of, “on 
red sandstone in the Santa Fe formation. |,” 

The coarse blocks of red sandstone at Pla. bea, 
citas occur in gravels interbedded with grave moet 
containing rocks derived from the east. Th ms 
highland to the south was therefore 
tributing to an already established drainagd 
from the east. North of Placitas, and higher i lands 
the section, gravel lenses containing porphyrie: 
alternate with gravel lenses containing onl 
sedimentary and crystalline rocks. It is be 
lieved, therefore, that the Sandia highland w: 
uplifted at the beginning of this time sequence. 
without disrupting an easterly drainage already 
established. As the bulk of the material con- 
tributed by the Sandia highland became 


ished), a northerly drainage from that m 

alternated with the original drainage from th 
east in building fans. The failure to divert the! 
original easterly drainage implies that relief T. 
at the north end of the Sandia highlands was 
never great. As the coarse gravels are found which 
only at the base of the formation, the Sandia 


same 
highland probably possessed maximum relief susie 
at the beginning of Santa Fe time. (Bryan 


The Santa Fe formation east of the Espinaso) j94¢ 
Ridge is probably at least in part equivalent) <. F A 
to the fan deposits west of the San Francisco} p); bie 
fault. In the former locality, the formation is ham, 1 
somewhat coarser than ‘in the latter locality. Al 
heterogeneous pebble content, in which 
phyries predominate, indicates derivation from rigorot 
erosion of a highland on the site of the Ortiz (1946, 
South Mountain chain. The increase in con- posits, 
tent of coarse material and the lesser sorting beds c: 
than that of the Abiquiu (?) formation imply 
that relief of those hills was accentuated at the 


of its e 


beginning of Santa Fe time. There is no indica- 
tion of further accentuation at a later date. 

To the north, the proportion of porphyry 
pebbles in gravel lenses decreases. The fans of 
ithe Galisteo-Tonque area merge with those of 
‘the Santo Domingo Valley, which were fed by 
an erosion of the Sangre de Cristo Mountains 
ia (Bryan and Upson, unpublished manuscript). 
, The Ortiz Mountains were probably a penin- 
Tsula-like highland extending northward into 
the sedimentary basin of Santa Fe time. It 
has not been established that hills occupied the 
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_ Thus, the Santa Fe formation in the Galisteo- 
/Tonque area was deposited in a basin of some- 
what different geography than that postulated 
for Abiquiu time. However, deposition still 
occurred in relatively small re-entrants of a 
much larger basin. The Ortiz and Sandia high- 
> lands were uplifted and acquired appreciable 
relief. It is believed that this rejuvenation was 
accomplished in large part by normal faulting 
on lines coincident with the known post-Santa 
Fe faults. Part of the Sandia block at and north 
of Placitas, a “highland” in Abiquiu time, was 
incorporated in the sedimentary basin. The 
formerly northward drainages of the Tonque 
Valley and Santa Fe Plateau were diverted 
. pwest and southwest. The sedimentary basin of 
‘which the Galisteo-Tonque area formed part 
was eventually integrated with adjacent basins 
by the ancestral Rio Grande. 

The Santa Fe formation of the Galisteo- 
Tonque area is to some extent equivalent to 
those parts of the formation in other areas 
which were deposited by steams graded to the 
same river. This includes the Upper Buff 
member of the Albuquerque-Belen Basin 
= (Bryan and McCann, 1937, p. 815-817; Wright, 
spinas?? 1946, p. 404-407) and equivalent beds in the 
rivalent} Acacia area which have yielded upper 
fancis) Pliocene fossils (Denny, 1940a, p. 93; Need- 
ation iam, 1936). The existence of the ancestral Rio 
ality. A Grande at the time of deposition of beds con- 
ch por- taining the type Santa Fe fauna has not been 
on from rigorously established. Wright’s discussion 
s Orly (1946, p. 411-412) of the Gabaldon playa de- 
In CP dosits, which are at least in part equivalent to 
sorting) beds carrying a compatible fauna, raises doubt 
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Reconstruction of the geography of the 
Santa Fe basin of deposition in north-central 
New Mexico (Fig. 9) is a composite of at least 
two discrete intervals, distinguishable only in 
the western border of the Albuquerque Basin. 
Here, data on thicknesses referable to two 
members (Middle Red and Upper Buff) imply 
some independent variation. However, data 
from other areas, all derived from partial or 
estimated sections, cannot be so apportioned, 
nor is their correlation with either or both of 
the bipartite divisions established. Hence, the 
isopachs sketched have no strong justification. 
Because the Upper Buff member in the Albu- 
querque Basin is generally thin, the suggested 
thickening from west to east would probably 
be supported by more adequate data. Certainly, 
thick sections are now confined to the eastern 
half of the basin. The thickening is the com- 
bined effect of intra-Santa Fe warping, intra- 
Santa Fe erosion, and post-Santa Fe erosion. 
The relative importance of each cannot be 
evaluated. 

The Middle Red member probably repre- 
sents the larger share of Santa Fe time. In the 
Albuquerque-Belen Basin, it is the thicker of 
the two members (conspicuously so south of 
the area included in Fig. 9), and scant fossil 
evidence suggests its equivalence to beds con- 
taining the type Santa Fe fauna (late Miocene 
to middle Pliocene), while the Upper Buff 
member and associated river deposits may 
represent only ‘late Pliocene time. However, 
the geographic pattern shown in Fig. 8 is dom- 
inated by features which can be demonstrated 
only for late Santa Fe time. These include: 

(a) Integration of the sedimentary basin by 
a through-flowing stream, the ancestral Rio 
Grande. In the southern Albuquerque-Belen 
Basin, by direct tracing into the Upper Buff 
member, and still farther south, by fossil evi- 
dence, the deposits have been dated as late 
Santa Fe. 

(b) Probable uplift of a highland area in the 
Sierra Nacimiento, indicated by the lithologic 
change between Middle Red and Upper Buff 
members in the Rincones de Zia. 

(c) Contemporary eruptions of rhyolitic 
lavas in at least the southern Valles Moun- 
tains (E. S. Larsen, Jr., private communica- 
tion). The Peralta tuff member in the Santo 


site of the present Cerrillos Hills, but it is quite 
aff Possible. 
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Domingo Valley (Bryan and Upson, unpub- 
lished manuscript) probably represents the 
same period of eruption and is latest Santa Fe, 


(d) Contemporary eruptions of andesitic 
and basaltic lavas, principally in four areas 
peripheral to the Valles Mountains. Lavas in 
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two of these areas are interbedded with de- 
posits of the ancestral Rio Grande. 

(e) Accentuation of the Ortiz and Sandia 
highland areas, with incorporation of a part of 
the latter into the basin of deposition. At 
Placitas in particular, basal beds of the Santa 
Fe formation post-date Abiquiu (?) time by an 
interval during which northward drainage in 
the Tonque Valley was diverted to a westward 
drainage. By analogy with the Sierra Naci- 
miento, uplift of the Sandia block may be late 
‘Santa Fe; the subsequent drainage changes 
_and eventual inception of deposition at Placitas 
"are more surely late. 

Near and south of the Valles Mountains, 
therefore, the geography sketched is late Santa 
Fe. The preceding and probably longer interval 
represented by the Middle Red member in the 
Albuquerque-Belen Basin may well have lacked 
the conspicuous volcanic accumulation in the 
Valles Mountains and the strong rejuvenation 
of highlands adjacent to the sedimentary basin. 
Northeast and north of the Valles Mountains, 
the sketch is based upon data from beds which 
can be dated only in the Espafiola Valley. In 
this, the type area, abundant fossils imply that 
the bulk of the formation is older than the latest 
Santa Fe. These beds and those in the Abiquiu 
quadrangle farther north were deposited by 
streams flowing exclusively westward from the 
Sangre de Cristo Mountains to a master drain- 
age west of any known exposures. There is no 
evidence of drainage northward from the Valles 
Mountains. Such a master drainage, of course, 
‘lay far west of the northernmost known de- 
posits of the ancestral Rio Grande. Bryan 
(1938, p. 207, fig. 46) postulated an abrupt 
change in the course of the master stream, so 
that it flowed generally east-west across the 
_ northern portion of the present Valles Moun- 
| tains. Such an abrupt swing might indeed arise 
from diversion of a through-flowing steam such 
as that postulated for Abiquiu time around an 
area of active uplift in the Sierra Nacimiento. 
One might suppose, however, that volcanic 
accumulations in the Valles Mountains, and 
peripheral to them, which nearly impinge upon 
the northern portion of the uplifted area, 
would have further diverted the master stream 
northward into the Abiquiu quadrangle. Denny 
(1940b, Pl. 1 and sections) has shown that the 
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northernmost outcrops of river gravels are 
probably younger than the remainder of the 
Santa Fe formation in the Espafiola Valley, 
which dips generally westward. Hence, river 
deposits may be absent in the Abiquiu quad- 
rangle only because the beds now exposed are 
all older than the known river deposits farther 
south. It is tentatively suggested that the 
Santa Fe formation in the Espafiola Valley and 
in the Abiquiu quadrangle is principally equiv- 
alent to the Middle Red member in the Albu- 
querque-Belen Basin, and that the master 
drainage of that interval lay some distance 
west of the position plotted in Figure 9. The 
known river deposits, on the other hand, are 
tentatively regarded as entirely of late Santa 
Fe age and later than the drainage changes 
induced by uplift of the Sierra Nacimiento and 
volcanic eruption in the Valles Mountains. 

Butler (1946, p. 100-102) has shown that 
the Santa Fe formation in northern New 
Mexico grades laterally into volcanic detritus, 
named the Cordito member of the Los Pinos 
formation, deposited by streams flowing west- 
ward into the Tusas quadrangle (p. 85-86). 
The volcanic débris was probably contributed 
by contemporary centers of eruption in the 
Taos Plateau; one contemporary center is 
identified as Cerro No Agua (p. 77-78). Most 
of the other known volcanic centers of the 
Taos Plateau (not plotted in Fig. 8) lie too far 
south to account for the distribution of the 
Cordito member; additional centers must be 
buried beneath younger basalt flows northeast 
of Cerro No Agua. The interval of volcanic 
activity in northernmost New Mexico cannot 
be related to events in the Albuquerque Basin 
with assurance. 


Modern Rio Grande Depression 


The normal faults of the Galisteo-Tonque 
area, initiated in late Santa Fe time and prob- 
ably continued after deposition ceased, are 
part of a complex system outlining the modern 
Rio Grande Depression. The general pattern of 
faulting in north-central New Mexico is illus- 
trated by those areas in which the boundary 
faults have been mapped, although details are 
still lacking for much of the area. Within the 
Rio Grande Depression, the common lack of 
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horizon-markers within the several basin de- 
posits and consequent incompleteness of struc- 
tural data leads to a less complete picture of 
the regional deformation. The principal known 
faults, generalized in most instances, have been 
compiled from the sources referred to pre- 
viously (Fig. 10). 

Within the area shown, the Rio Grande 


Compare with Figure 6. 


Depression comprises several subdivisions, 
more or less defined by the fault pattern as so 
far known. Bryan (1938, p. 213), using the 
structural data then available, pointed out that 


the several subdivisions could be grouped into} 


two north-south systems, the Espafiola-Santa 
Fe Basin and the Albuquerque-Belen Basia, 
conspicuously offset between Bernalillo and 
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Santa Fe. The Abiquiu Re-entrant, north of 
the Valles Mountains, was considered as a 
local enlargement of the Espafiola-Santa Fe 
Basin, interrupting the generally linear system. 
Butler (1946, Pl. 1, fig. 25) has since shown that 
the fault systems on the east side of the Abi- 
quiu Re-entrant can be traced northward into 
the Tusas quadrangle, with a change of trend 
to the northwest. Although data are lacking 
‘further west, the pattern of these faults sug- 
gests that the Abiquiu Re-entrant is a semi- 
independent, linear depression, parallel and 
adjacent to the series of troughs tending north- 
ward from the Espafiola Basin. The Abiquiu 
Re-entrant thus extended lies on a projection 
‘of, and continues the general trend of, the 
_ Albuquerque-Belen Basin farther south. 

The Abiquiu Re-entrant is separated from 
the Albuquerque Basin by the great volcanic 
pile of the Valles Mountains. A part of this pile 
is late Santa Fe and post-Santa Fe, but an 
older volcanic series (Chicoma) is believed to 
be pre-Santa Fe (Smith, 1938, p. 939-940; 
958). The older volcanic pile was apparently 
bevelled and incorporated in the late Tertiary 
sedimentary basins, there to be buried by the 
Abiquiu (?) and Santa Fe formations. Its 
present exposure implies that, relative to the 
areas north and south, the Valles Mountains 
are structurally high. The structural bound- 
aries of this block are largely concealed by 
post-Santa Fe lavas, but faulting has been 
recognized locally (Smith, 1938, p. 961-962, 


jfigs. 4, 10; Bryan and Upson, unpublished 
manuscript). 

_ The Rio Grande Depression in north-central 
New Mexico thus appears to comprise two 
} parallel and adjacent series of basins. The 
‘westerly series is more regular in general 
trend and outline, but is interrupted in the 
Valles Mountains. The easterly series is highly 
_irregular; individual basins are diverse in 
trend and in part of diverse ages. The Espa- 
,fiola-Santa Fe Basin and Picuris Re-entrant 
contain no basin deposits younger than the 
Santa Fe formation, but were deformed in 
post-Santa Fe time. The Taos Plateau, next 
to the north, is underlain by thick accumula- 
| tions of basaltic lava and interbedded stream 
\ deposits which are post-Santa Fe in age, and 
; the structural depression itself may be younger 
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than those to the south. Just south of the 
Colorado line, the Taos Plateau gives way to a 
still younger depression, the Costilla Plains, in 
which fault scarps attest that movements have 
persisted to recent time. The easterly series of 
basins apparently dies out southward ina broad 
syncline in the Santa Fe Plateau. South of the 
area mapped, the modern Rio Grande De- 
pression is continued by the broad, single trough 
of the Albuquerque-Belen Basin. 

The faulting which outlined the modern Rio 
Grande Depression also led to transition from 
deposition to erosion in the structural basins of 
Santa Fe time. The subsequent history of the 
Galisteo-Tonque area has been dominated by 
erosion. Highlands remain in those areas under- 
lain by resistant rocks; the remainder of the 
area was gradually reduced to a uniform ero- 
sion surface, the Ortiz pediment, later dis- 
sected by successively rejuvenated streams. 
Stream gravels associated with remnants of 
this surface conceal the older rocks in much of 
the area (Pl. 1). The general progress of erosion 
was interrupted by renewed volcanic activity 
in the late Santa Fe centers of the Cerros del 
Rio and the Mesa Santa Ana. It is proposed to 
describe the post-Santa Fe modelling of the 
present landscape in a subsequent paper. 


Summary 


Late Tertiary time was initiated by strong 
deformation in the Galisteo-Tonque area, ac- 
companied by the intrusion of dikes, sills, 
laccoliths, and stocks. Principal intrusions are 
now exposed in the north-south line formed by 
the Cerrillos Hills, Ortiz, San Pedro, and 
South Mountains; dikes and sills are exposed 
in the Galisteo Lowland and the Tonque 
Valley as well. The structures produced lay 
athwart an early Tertiary basin of deposition 
and are interpreted as deformation in a block 
moving relatively northeast in a horizontal 
couple, marked by shear in the Tijeras and 
Los Angeles fault systems. Deformation may 
have been localized in an area adjacent to the 
fault systems. Contemporary structures have 
not been differentiated with certainty else- 
where in northern New Mexico. In fact, de- 
formation of the widespread Potosi volcanic 
series has been ascribed chiefly to movements 
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associated with late Tertiary (post-Santa Fe) 
faulting (Butler, 1946, p. 162). Ray and 
Smith (1941, p. 206-207) have inferred that a 
widespread peneplain was developed in north- 
ern New Mexico during ‘“‘mid-Tertiary” time. 

It has been customary to assign the struc- 
tural features of north-central New Mexico, 
younger than Cretaceous rocks and older than 
late Tertiary basin deposits, to an episode of 
compression called “Laramide”. In the Ga- 
listeo-Tonque area, midway between the 
Sangre de Cristo Mountains and the Manzano 
Mountains, where steep thrusting occurs 
(Reiche, 1949, p. 1209-1210; Read et al., 1944), 
one can distinguish three episodes of deforma- 
tion. The first, early Eocene, is recorded by the 
varying thicknesses of upper Cretaceous rocks 
removed by pre-Galisteo erosion (Stearns, 
1952a, fig. 1). The second, late Eocene, is shown 
by isopachs of the Galisteo formation (Stearns, 
1943, fig. 6). The third, and most intense, Oli- 
gocene, is post-Espinaso and _pre-Abiquiu 
(Fig. 7). The question thus arises: “What is 
Laramide?”. There is no simple answer. The 
question must await elaboration and synthesis 
of data both from the southern Rocky Moun- 
tains and from central New Mexico. However, 
the question underscores the warning of Bur- 
bank and Goddard (1937, p. 976) that “Lara- 
mide” deformation is a complex history, not 
simply of renewed deformation on old trend 
lines, but of deformation patterns changing in 
trend as well as in intensity. 

An Oligocene interval of erosion, during 
which the Cieneguilla limburgite was extruded 
locally, preceded initiation of the Abiquiu 
basin of deposition. This basin was developed 
by downwarping of two broad, adjacent areas. 
The northern area was filled principally by 
volcanic detritus from contemporary centers of 
eruption. Volcanic detritus spread southward 
into the southern basin, but it was principally 
filled with nonvolcanic débris from adjacent 
highland areas. It is inferred that a major 
stream entered the southern basin from the 
west, flowing across the present site of the 
southern Valles Mountains. It may have con- 
tinued through and out of the basin, west of 
the Sandia Mountains, but on this point fur- 
ther data are needed from the east side of the 
Albuquerque-Belen Basin. The southeast mar- 
gin of the basin was irregular, because high- 
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lands raised by earlier deformation had not 
been completely reduced by erosion. 

The younger Santa Fe basin of deposition 
appears to have been an asymmetric trough, 
with maximum deposition near the eastern 
margin. The Albuquerque-Belen Basin, as far 
north as the Galisteo-Tonque area, was prob- 
ably bounded to the east by strong faults, 
Farther north, the eastern limits of deposition 
may have been fixed only by warping. The 
area of deposition corresponded generally to 
that of Abiquiu time, but there are many differ- 
ences in detail. In “middle Santa Fe” time, the 
drainage pattern may have been similar to 
that of Abiquiu time, except that the Abiquiu 
tuff fan was buried by granitic detritus from 
the Sangre de Cristo Mountains, east of the 
volcanic centers. By late Santa Fe time, the 
earlier major drainage entering the basin from 
the west must have been diverted or disrupted 
by uplift of the Nacimiento Highland and con- 
struction of the Valles Volcano. The ancestral 
Rio Grande may represent that drainage, di- 
verted north of the new highland areas into 
the Abiquiu Re-entrant, then flowing south- 
ward in the trough between fans built east- 
ward from the Valles Volcano and westward 
from the Sangre de Cristo Mountains. Con- 
currently, the former northward drainage from 
the Tonque Valley was diverted westward 
across the north end of the early Sandia high- 
land. Renewed uplift of the Sandia Mountains 
gave rise to northward drainage in the Placitas 
area which alternated with, but never replaced, 
westward drainage from the Ortiz highland. 

Marginal faulting, initiated in late Santa Fe 
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Formation Bottom, feet 
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Formation Bottom, feet 
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